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Sulfur amino acids are important metabolites in living systems. ‘Their me- 
tabolism is well known in mammals—the reactions involved in their breakdown 
are known and so are the end products formed. In invertebrates, however, less is 
known about the metabolism of sulfur amino acids. It is known that some marine 
invertebrates contain in their tissues large amounts of taurine, (Kelley, 1904; 
Henze, 1905; Mendel, 1904; Kossel and Edlbacher, 1915; Okuda, 1920; Ackermann 
et al., 1924) but not much is known of its origin or its role in the animal. Recently, 
several papers have been published in which the probable origin of taurine is 
mentioned. In one paper, Shibuya and Shunji (1957) reported that hypotaurine, 
a precursor of taurine, was present in Septifer virgatus; Ouchi (1959) claimed 
that hypotaurine was present in numerous species of molluscs. Hypotaurine, first 
found in the rat by Awapara (1953), is formed from cysteine sulfinic acid and 
converted to taurine as demonstrated by Awapara and Wingo (1953). Taurine, 
then, could probably be formed in invertebrates by the same sequence of reactions 
as in the rat. Cotty et al. (1958) studied the metabolism of sulfur amino acids 
in Musca domestica and concluded that methionine serves as a precursor of taurine. 

In a recent paper, we reported that taurine is present in all marine invertebrates 
studied, but was absent or not detectable in fresh water and terrestrial molluses 
(Simpson, Allen and Awapara, 1959). This comparative study did not tell us 
whether sulfur amino acids are metabolized differently by marine molluscs and 
fresh-water molluscs. The end products of sulfur metabolism could be different ; 
we needed to know more about the intermediate steps. We have performed a 
number of experiments on Mytilus edulis, which is known to have large amounts 
of taurine, and on Rangia cuneata which has none detectable by paper chroma- 
tography. The results of these experiments show that both can convert methionine 
to cysteine, probably in the same manner as mammals do, and that cysteine can 


be oxidized to various products some of which can be decarboxylated to give taurine. 


‘This work was supported by grants from the Robert A. Welch Foundation, Houston, 
and from the National Institutes of Health, U. S. Public Health Service. 
* The data reported here is part of the Ph.D. thesis of Kenneth Allen. 
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MATERIALS AND METHODS 








Animals 





M. edulis was obtained from the Marine Biological Laboratory, Woods 
The animals were put in sea water cooled to 5° C. and kept there until they were 
used. R. cuneata was collected from the San Jacinto River, Harris County, Texas. 
They were kept in large aerated aquaria. 









Chemicals 





S**-methionine, S*°-cystine and S**-sodium sulfite were obtained from Abbott 
Laboratories, Oak Ridge. They were chromatographically pure. S**-taurine was 
prepared from S**-sulfite and B-bromoethylamine hydrobromide according to the 
method of Cortese (1943). The crude taurine was purified by chromatography 
on a column of Dowex 50 in the H* form. The final product was chromatograph- 
ically pure. Cystine was reduced to cysteine according to the method of Lucas 
and Beveridge (1940). 











Administration of compounds 





Solutions of S*°-methionine, S**-cysteine and S**-taurine were prepared and 
administered to both /. edulis and R. cuneata in the following manner: the shell of 
M. edulis was opened and kept open with wound spreaders. The foot was located 
and 1 mil. of the sélution carefully injected into the foot; a 1l-ml. syringe with a 
22-gauge needle was used. This method was suggested by Dr. T. W. Potts, of the 
University of Birmingham, England. RF. cuneata was injected through a hole cut 
carefully in the shell; the needle was inserted through the mantle and gill into the 
fleshy part of the viscera. After the injection the animals were returned to aquaria 
containing water of the appropriate salinity and temperature. 


















Extraction and fractionation of amino acids 


-xtractions were carried out by the method of Awapara (1948). The extracts 
were used in some instances for paper chromatography and in others for isolation 
of intermediates. Most of the time the extracts were fractioned into various 
groups, using ion exchange resins according to the scheme shown in Table I. 
According to this scheme the extracts containing one gram of tissue per cc. were 
first put through a column (10cm. X 1 cm.) of Dowex 50 in the H* form (200-400 


mesh). The column was washed with distilled water until the effluent became 
neutral. All the anions and non-polar compounds were washed through by this 
procedure, along with taurine, cysteic acid and cysteine sulfinic acid. All other 


amino acids were eluted from the resin bed with 25 ml. of 2 N NH,OH;; the acid 


effluent (A) and the NH,OH eluate (B) were evaporated to dryness; the residues 
redissolved in a small amount of water. Fraction A, which contained taurine, 
cysteic acid, cysteine sulfinic acid and sulfate, was fractionated using a strong anion 
exchange resin—Dowex 2 in the OH~ form. The solution was put through a 
small column of the resin (5 cm. * 1 cm.) and washed with 50 ml. of boiled and 
cooled distilled water. Elution was carried out in two stages: (1) with 10 ml. 
of 2 N acetic acid to remove taurine, and (2) with 10 ml. of 2 N HCl to remove 
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cysteic and cysteine sulfinic acids. Fractions A, and A, were evaporated to 
dryness; the residues were dissolved in small amounts of water and the evaporation 
repeated to drive off most of the acid. Finally the residues were taken up in 
small portions of water and stored for further work. 


Identification of products 


Intermediates and final products were identified by several methods: (a) The 
various fractions were chromatographed on paper; radioautographs were made of 
these papers using x-ray film. After a three- to five-week exposure the papers 


TABLE | 
Fractionation of extracts by means of ion exchange resins 
EXTRACT 


Water soluble 
Substances 


Dowex 50 H* 


Effluent 2 N NH, OH 


FRACTION A FRACTION B 
Acidic Amino Acids Neutral and Basic 
Amino Acids 
Taurine 
Cysteine sulfini 
Cysteic 


Dowex 2 OH 
2 N Acetic Acid 2N HCl 


FRACTION A, FRACTION Az 
laurine Cysteine sulfinic 
Cysteic 


were developed with ninhydrin. The ninhydrin spots were matched against the 
blackened areas on the film. Tentative identifications were thus made on the basis 
of Ry values. (b) Some of the fractions were chromatographed on paper strips and 
the strips analyzed for radioactivity in a continuous strip counter. The position 
of the peaks was used as criterion for identification. Also, chromatography on 
strips was carried out using the various unknown fractions but mixed with known 
substances suspected to be present in the fractions. A perfect overlap between 
the peaks and the ninhydrin spots on the strip was used as criterion of identity. 
(c) When sufficient evidence was available for the existence of an intermediate, 
it was isolated, purified and its radioactivity determined. If the amounts present 
were insufficient for isolation, carrier was added, then isolated, purified by re- 
crystallization or precipitation and its radioactivity determined. When a compound 
was isolated without carrier, other criteria were used such as infrared spectrum. 
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RESULTS 
1) Formation of cystathionine 


30th M. edulis and R. cuneata were given a solution of S**-methionine (ap- 
proximately 500,000 counts). After 24 hours the organisms were extracted and 
the extracts fractionated. Fraction B in each case was chromatographed on paper 


Ficure 1. Radioautograph of fraction B from M. edulis after the administration of 
S*5-methicnine. Solvents: phenol (P) and lutidine (L). Methionine (1), methionine sulfone 
(2), hypotaurine (3) and cystathionine (4). 


according to the method used by Simpson, Allen and Awapara (1959), using 
phenol-water in one direction and lutidine-water in the second direction. Radio- 


autographs of these chromatograms were made. The chromatograms from RK. 
cuneata had no cystathionine. We cannot exclude its formation, for it could easily 
be a transient intermediate in this animal. It is very likely that it is formed, as we 
shall see in discussing formation of cystine. In Figure 1 is shown a radioautogram 
from M. edulis. Spot 4 is cystathionine and spot 3 is hypotaurine. Both of these 
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Figure 2. Strip chromatogram (iower) and radioactivity distribution (upper) from 
the acid fractions of Rk. cuneata. Solvent: phenol-water. Cysteic acid (CA), cysteine sulfinic 
acid (CSA) and taurine (T). 


intermediates were recognized by their Ry values (cystathionine 0.27 in 72% 
phenol and 0.20 in 65% lutidine; hypotaurine 0.62 in 72% phenol and 0.42 in 
65% lutidine). Spot 1 is methionine and spot 2, probably methionine sulfone. 


2) Formation of cystine 


Fraction B, from part 1, was used to identify cystine or cysteine. Neither of 
these amino acids can be chromatographed satisfactorily. Cystine is very insoluble 
and lends itself to isolation. In both instances unlabelled cystine hydrochloride 
was added to the fractions. Then hydrogen peroxide was added to oxidize cysteine 
to cystine. Cystine was precipitated from the solution by carefully adjusting the 
pH to 7. The crystals were filtered, washed, redissolved in dilute HCl and 


O CA T 


Figure 3. Strip chromatogram and radioactivity distribution from the acid fraction of M. 
edulis. Cysteic acid (CA) and taurine (T). 
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reprecipitated by the same procedure. The washed and dried crystals were 
for determining radioactivity. 
VW. edulis 68 counts/minute/mg. 


R. cuneata 120 counts/minute/mg. 


Cystine or cysteine is formed in both organisms. Cysteine oxidizes readily to 
cystine but if one assumes that transulfuration takes place in these animals, then 
cystathionine and cysteine are the intermediates. Unfortunately cystathionine 
was not detected in R. cuneata. If it is not formed we must postulate another 
mechanism for the formation of cysteine and no other mechanism is known at this 


time. 





2 a 4 5 


Figure 4. Radioautographs of the acid fraction of R. cuneata aiter the administration 
of methionine. (1) After 1 hour, (2) after 5 hours, (3) after 10 hours, (4) after 15 hours 
and (5) after 24 hours. (A) cysteine sulfinic acid, (B) cysteic acid, (C) taurine, (D) 


unknown. 








METABOLISM OF SULFUR AMINO ACIDS 179 


4 


COUNTS/ MIN x 10> 
WwW 


NM 


DAY 


Figure 5. Disposition of administered S*5-taurine by RK. cuneata. 


3) Oxidation products of cysteine 


Pooled fractions A, and A, from both organisms were mixed with cysteic acid, 
cysteine sulfinic acid and taurine, then chromatographed using 72% phenol. The 
strips were analyzed with a continuous strip counter, then developed with ninhydrin. 
In Figures 2 and 3 are shown the results obtained for R. cuneata and M. edulis. 
The latter had only one radioactive spot: taurine. Cysteic acid was formed in 
R. cuneata in relatively high amounts. A second experiment was performed on 
R. cuneata to find out the time needed for the formation of these intermediates. 
5**-methionine was injected into several organisms; extracts were made at the 
end of 1, 5, 10, 15 and 24 hours. The extracts were fractionated and fraction A 
of each one chromatographed on strips. Radioautograms were made and they 
are shown in Figure 4. Taurine was formed only after cysteine sulfinic acid and 
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cysteic acid were formed; it took 5 hours to form sufficient taurine to be detected. 
At the end of 10 hours two S*°-labelled compounds appeared. Compound D has 
an Ry value identical to that of taurocyamine (.64 in phenol) but gave a negative 
Sakaguchi test on paper chromatograms. At the end of 24 hours most of the 
end products have disappeared from the animal. Taurine is formed in R. cuncata 
but not held. This is better shown in Figure 5. In this figure is shown the 
rate at which injected S*°-taurine is excreted by KR. cuneata. One could argue that 
the conditions were abnormal and that the animal ejects an exogenous substance; 
this is not the case as seen in Figure 5; taurine is endogenously formed and it is 


also rapidly excreted. 


4) Formation of sulfate and taurine 


Soth sulfate and taurine are formed by M. edulis and R. cuneata. Sulfate was 
detected by precipitation as BaSO, with added carrier. In both instances the 
BaSO, was radioactive (35 cts./min. and 85 cts./min.). Although the counts 
were low, they were significant. The BaSO, was ignited to insure destruction of 
any organic sulfur compounds. 

Taurine was detected in R. cuneata as already shown; M. edulis is known to 
contain very large amounts of taurine (as much as 4 per cent of wet weight) and 
to demonstrate its formation from administered precursors would be difficult. 
Nevertheless we succeeded in isolating S**-labelled taurine from MW. edulis after 
the administration of S**-methionine. The isolated taurine was _ recrystallized 
several times and its radioactivity determined. The specific activity was 27 
counts/min./mg. With such low activity the evidence for taurine formation was 
somewhat weak. More supporting evidence was obtained by isotope dilution, 
To the isolated taurine we added an equal amount of pure taurine; the mixture 
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Figure 6. Infrared absorption spectra of (A) known taurine and (B) S*5-taurine isolated 
from M. edulis after the administration of S*5-methionine. 
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was recrystallized and the radioactivity of the pure crystals determined : 
[Isolated taurine 6 mg. 26 cts. /min./mg. 


Mixture 12 mg. 12 cts./min./mg. 


The infrared absorption spectra * of both pure taurine and the isolated taurine were 
determined and shown in Figure 6. It appears that M. edulis forms taurine slowly 
but retains it. The high concentration of endogenous taurine in this animal makes 
it very difficult to establish the rate at which taurine is formed. 


DiIscUSSION 

The metabolism of sulfur amino acids in the two molluscs studied is not dif- 
ferent, at least qualitatively, from the metabolism in mammals. The oxidation of 
cysteine in both, mammals and molluscs (those studied), gives rise to cysteine 
sulfinic acid and eventually to taurine and sulfate (Awapara, 1956). The most 
significant difference observed in the two animals studied is the rate at which 
taurine is disposed of. M. edulis keeps it by some unknown mechanism defying 
a concentration gradient. FR. cuneata can produce taurine but cannot hold it. If 
we extrapolate these results, the absence of taurine in all the fresh-water animals 
(Simpson, Allen and Awapara, 1959) could be explained on the basis of rapid 
excretion, not lack of formation. The method of formation of taurine and sulfate 
in both organisms again appears similar to the method of formation in mammals. 
Cysteine sulfinic acid is either decarboxylated to hypotaurine or forms sulfate after 
transamination, splitting of SO,, and oxidation. The absence of hypotaurine in 
R. cuneata and the presence of large amounts of cysteic acid is indicative of a 
pathway in which cysteine sulfinic acid is oxidized first to cysteic acid and this 
decarboxylated to taurine. In M. edulis hypotaurine was present but cysteic acid 
was not detected. If there are any differences in the metabolism of sulfur amino 
acids in the molluscs studied, the differences are in the intermediates and in the 
disposition of the end products. 

The role of taurine in marine molluscs remains unknown. The only suggestion 
made is that it serves as an osmoregulator. 


SUMMARY 


1. The metabolism of sulfur-bearing amino acids was investigated in R. cuneata 
and M. edulis, in vivo. 

2. Injected S*°*-methionine gives rise to cysteine/cystine in both animals. 
Cystathionine was detected in M. edulis, but not in R. cuneata though it is probably 
formed. A demethylation and transulfuration mechanism is postulated for this 
conversion. 

3. Both R. cuneata and M, edulis form sulfate from injected methionine. Also, 
both form taurine but R. cuneata does not accumulate it whereas M. edulis ac- 
cumulates it in large amounts. 

4. Taurine is probably formed by different reactions in these species. In R. 
cuneata it is probably formed by decarboxylation of cysteic acid, whereas in M. 
edulis it is formed by oxidation of hypotaurine. 


‘We are indebted to Dr. T. Patton from the M. D. Anderson Hospital for this 
determination. 
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THE EFFECT OF SALINITY AND TEMPERATURE ON LARVAL 
DEVELOPMENT OF SESARMA CINEREUM (BOSC) REARED 
IN THE LABORATORY ! 


JOHN D. COSTLOW, JR., C. G. BOOKHOUT AND R. MONROE 
Duke University Marine Laboratory, Beaufort, N. C., Department of Zoology, Duke University, 
Durham, N. C., and Department of Experimental Statistics, North Carolina State College, 
Raleigh, N. o. 


\lthough environmental factors have been known to affect the rate of develop- 
ment, the number of stages, and the survival of marine invertebrate larvae, rela- 
tively few studies have been made to determine the effect of a wide range of 
salinities, temperatures, and food on larval development under laboratory condi- 
tions. Studies on the relationship between salinity and fertilization (Amemiya, 
1926), salinity and larval development (Loosanoff, 1948), and salinity and survival 
and growth (Davis, 1958) have been made on some mollusks. <A limited number 
of similar investigations have also been reported on the effects of temperature 
(Clark, 1935; Loosanoff and Davis, 1950; and Loosanoff, Miller and Smith, 1951). 
While no identical studies have been carried out on other major phyla some 
comparable data on echinoderm development in relation to salinity and temperature 
may be found in the publications of Mortenson (1931, 1937 and 1938). In general, 
the effects of salinity, temperature, and food on the larval development of the 
Crustacea are not known, presumably because of the difficulties which are usually 
encountered in rearing larvae in the laboratory. 

In spite of the persistent interest in decapod larvae and the numerous studies on 
life-histories reconstructed from planktonic material, only 7 accounts are known 
to us which deal with the complete larval development of Brachyura in the 
laboratory (Schlegel, 1911; Lebour, 1928; Hart, 1935; Sandoz and Hopkins, 1947 ; 
Chamberlain, 1957; Knudsen, 1958; and Costlow, Rees and Bookhout, 1959). 
None of these authors consider the effects of salinity or temperature on larval 
development. Broekhuysen (1937) studied the effects of temperature and salinity 
on egg development of Carcinides maenas but did not rear the larval stages. Sandoz 
and Rogers (1944) reported the effects of environmental factors on some of the 
early larval stages of Callinectes sapidus, reared in the laboratory, and later they 
conducted similar experiments on megalops obtained from planktonic material 
(Sandoz and Rogers, 1948). More recently, the effects of salinity and temperature 
on the complete larval development of Callinectes sapidus Rathbun have been 
described (Costlow and Bookhout, 1959) but mortality in this species is high within 
a wide range of environmental conditions and cannot be attributed solely to salinity 
or temperature. In the Macrura, Templeman (1936a) described the effects of 
temperature, light, salinity, and diet on the larvae of Homarus americanus, and 
Broad (1957) studied the relationship between food and the number of larval 


' These studies were supported by a grant (G 4400) from the National Science Foundation 
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stages of Palaemonetes vulgarus and P, pugio. In the Anomura, Coffin (1 
considered the effects of salinity and temperature on the larval development 
Pagurus samuelis. 

During the past three years we have followed the larval development 
variety of Brachyura from the Beaufort area, from hatching to the first crab st 
and beyond. The purpose of the present work has been to determine the effect of 
various salinity-temperature combinations on the number of larval stages, the 
molting frequency, the duration of larval life, and the survival of the larval stages 
of Sesarma cinereum (Bosc). 

Inasmuch as only the first zoeal stage of Sesarma cinereum has been figured 
(Hyman, 1924) a description of the four zoeal stages and one megalops stage will 
he reported in a separate account, 


The authors wish to thank Mrs. W. A. Chipman and Mrs. C. King for their 
technical assistance throughout the study. Dr. Fenner Chace, U. S. National 
Museum, was most helpful in his identification of the adult females, and specimens 
from which the larvae hatched have been deposited with the Museum. 


MetTHODS 


Ovigerous Sesarma cinereum (Bosc) were obtained at the drift line in the 
vicinity of the Duke University Marine Laboratory, Beaufort, N. C., and brought 
into the laboratory. The females were maintained separately at 25° and 30° C. 
in fingerbowls containing filtered sea water of the salinity in which the larvae were 
to be reared. The water, containing 200,000 units of penicillin G per liter, was 
changed daily. When hatching was observed, the female was removed to a 
separate bowl and the zoeae transferred to mass cultures of approximately 50-70 
per bowl. Fertilized Arbacia eggs and recently hatched Artemia nauplii were 
added immediately. Zoeae were then placed in either Syracuse watch glasses (10 
per watch glass) or compartmented plastic boxes (6 per compartment) containing 
approximately 30 ml. of water of the same salinity, temperature, and type of food 
as in the mass cultures. The containers were marked, covered, and placed in 
temperature cabinets regulated to provide a photoperiod of 12 hours of light and 
12 hours of darkness. Table I gives the salinity and temperature combinations 


FABLE | 


Initial number of zoeae, number of megalops, and number of crabs reared under the three 
temperatures and four salinities indicated 


20° ¢ 25” ¢ 30° ¢ 
p.t 

Initial Number Number Initial Number Number Initial Number Number 

number megalops crabs number megalops crabs number megalops crabs 
12.5 108 0 0 102 13 0 108 18 0 
20.1 96 34 1 105 53 4 113 52 10 
26.5 104 52 4 107 48 26 107 20 5 
31.1 108 21 0 100 2 0 108 9 0 
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Figure 1. Comparison of the time of the first molt for zoeae of Sesarma cinereum 
reared in the laboratory at different salinities and temperatures. Black—20° C., white—25° C., 
diagonal—30° C. 


used. Larvae reared at 20° C. were hatched at 25° C. and the temperature was 
gradually reduced. 

The containers and larvae were examined daily under a dissecting microscope, 
the zoeae changed to freshly filtered sea water, and Artemia nauplii added. At 
this time the number of exuviae in each series was recorded and the mortality 
noted. When the megalops stage was reached the larvae were removed to separate 
bowls and fed chopped liver in addition to the Artemia nauplii. The first crab, and 
all subsequent stages, were maintained on a diet similar to that of the megalops. 


RESULTS 
The larvae of S. cinereum hatched in all salinity-temperature combinations 
shown in Table I. Approximately 100 per cent of the eggs hatched as first zoea, 
left the egg mass almost as one swarm, and swam to the light side of the bowl. 
The time after hatching at which the first zoea started to molt was similar at 
corresponding temperatures, regardless of the variations in salinity (Fig. 1). 
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at different salinities and temperatures. Black—20° C., white—25° C., diagonal—30° (¢ 


At 26.7 and 31.1 p.p.t. the majority of the first zoeae molt within a more limited 
period of time than at 12.5 and 20.1 p.p.t., at the same temperature. For example, 
at 30° C., 31.1 p.p.t. molting was limited to days 3 and 4, with &8& per cent molting 
on day 3, while at 30° C., 12.5 p.p.t., the period of ecdysis was spread over four 
days with no pronounced peak on any one day (Fig. 1). This becomes more 
evident with later molts. 

As shown in Figure 2, 93 per cent of the zoeae molted for the second time on 
days 5 and 6, at 30° C., 31.1 p.p.t.; at 30° C., 12.5 p.p.t. the zoeae did not begin 
the second molt until the seventh day and then required five days before all had 
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Figure 3. Comparison of the time of the third molt for zoeae of Sesarma cinereum reared at 
different salinities and temperatures. Black—20° C., white—25° C., diagonal—30° C. 
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completed ecdysis. The persistent lag and the tendency for each molt to require 
a greater period of time in the lower salinities are continued in the third and 
fourth zoeal molts (Figs. 3 and 4). The fourth zoeal molt produces the megalops 
which completes metamorphosis by molting into the first crab stage. The majority 
of megalops in 26.7 p.p.t. molted to the first crab stage before those in corresponding 
temperatures at 20.1 p.p.t. (Fig. 5). Megalops at other salinities, 12.5 and 31.1 
p.p.t., did not survive to the first crab stage. 

The duration of the four zoeal stages, the megalops stage, and the total time 
required for development to the first crab stage are affected by salinity as shown 
in Figure 6. There is a gradual reduction in the times required from low to high 
salinity. The shortest time for zoeal development was 10 to 12 days, at 30° C., 
31.1 p.p.t., while at 30° C., 12.5 p.p.t. the same development required 13 to 18 
days. Similar differences are shown for the other temperatures used (Fig. 6). 
Variations in the time of megalops development are also associated with salinity. 
\t 30° C., 26.7 p.p.t. the duration of the megalops stage was 7 to 8 days while at 
30° C., 20.1 p.p.t. the megalops persisted for 10 to 16 days (Fig. 6). Since the 
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Figure 5. Comparison of the time of the molt from the megalops to the first crab 
stage of Sesarma cinereum reared at different salinities and temperatures. Black—20° C., 


hite—25° C., diagonal—30° ¢ 
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zoeal and megalops stages are prolonged in lower salinities, the time required for 
complete development to the crab is delayed (Fig. 6). 

As might be expected, the first molt occurred latest at 20° C. and earliest at 
30° C. (Fig. 1). The time for completion of the second molt is spread over a 
greater number of days at 20° C. and by the time of the third molt (Fig. 3), the 
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Ficure 6. Comparison of minimum and maximum time of zoeal development (white). 
megalops development (stippled), and total development (black) to the first crab stage for 
larvae of Sesarma cinereum reared at different salinities and temperatures. 
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FicurE 7. Per cent mortality of each stage of Sesarma cinereum reared at different tempera- 
tures and salinities. S I-S IV =zoeal stages I-IV; M = megalops. 


differences due to temperature appear to be even more distinct. At 30° C., the 
majority of second stage zoeae have completed the third molt by the time the zoeae 
at 25° C. have begun this molt. Similarly, the zoeae at 25° C. have completed the 
third molt before those at 20° C. have begun. At molt IV (Fig. 4) there is 
an even greater difference in zoeae reared at different temperatures and at 20° C. 
the spread of time for the molt is considerable. This difference is carried over 
into the molt to the first crab (Fig. 5). As shown in Figure 6, the duration of 
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the total larval life (i.e., first zoea to first crab stage) varies considerably. The 
shortest time (20-22 days) required for complete development to the crab stage 
is found at 30° C. and the longest time (35-39 days) was for larvae maintained at 
20° C. More larvae completed development at 25° C., 26.7 p.p.t. than at 25° C., 
20.1 p.p.t. but the former required a greater range of time (24-37 days) than the 
latter (30-34 days). A Q,, of approximately 1.8 was observed for the time 
required for complete development to the first crab stage at 20° C. and 30° C. 

Survival of zoeal and megalops stages varied in relation to salinity and tempera- 
ture. Figure 7 indicates that mortality of the first zoeal stage was highest at 
all temperatures within a salinity of 12.5 p.p.t. and at 20° C., 20.1 p.p.t. Mortality 
of the first stage was low (4-11 per cent) at all temperatures in a salinity of 31.1 
p.p.t. The second stage zoea showed a high mortality at 12.5 p.p.t. and 20.1 p.pt. 
at 25° C. In all other temperature-salinity combinations mortality of the second 
stage was under 10 per cent. Mortality of the third stage zoea varied in all 
salinities and temperatures: from 1 per cent at 30° C., 26.7 p.p.t. to 21 per cent 
at 30° C., 20.1 p.p.t. Mortality of stage four zoea considerably depleted the num- 
ber of larvae at all temperatures at 31.1 p.p.t. (Fig. 7). The majority of the fourth 
stage zoeae died at this salinity in an attempt to molt to the megalops stage. The 
number of fourth stage zoeae which successfully molted to the megalops stage was 
largest at all temperatures in 20.1 p.p.t. and 26.7 p.p.t. This varied from 35 to 50 
per cent of the original number of zoeae. Those series with the largest number of 
megalops were also those which showed some survival to the first crab stage and 
beyond. In these same series, however, much of the total mortality was due to 
death in the megalops stage. For example, while the lowest per cent mortality 
(49.8 per cent) of all zoeal stages occurred at 20° C., 26.7 p.p.t., the highest 
mortality of the megalops stage was observed at this same temperature and salinity. 
The highest per cent survival through the first crab stage was 24.4 per cent, at 
25° C., 26.7 p.p.t. 


DISCUSSION 


The few successful rearing experiments with Brachyura larvae usually have had 
two major features in common: water which was limited in its temperature range 
and salinities which fluctuated only slightly. Experimental studies on the effects 
of salinity and temperature variation on decapod larvae are usually confined to a 
portion of the larval development and do not include all the stages prior to 
metamorphosis to the first post-larval stage. Sandoz and Rogers (1944) studied 
the first three zoeal stages of Callinectes sapidus but actually give results for only 
the first stage. A later study (Sandoz and Rogers, 1948) centered around the 
effects of temperature and salinity on the megalops of C. sapidus obtained from 
planktonic material. Coffin (1958) followed the development of Pagurus samuelts 
in the laboratory at two different temperatures and a variety of chlorinities. In 
the Macrura, several authors have made experimental studies on larval develop- 
ment. Sollaud (1919), rearing the larvae of Palaemonetes varians microgenitor 
at two different temperatures and salinities, found that at 15° C., 6.5 p.p.t. the 
larvae completed development with 6 to 8 molts in 23-33 days while at 18° C.. 
6.5 p.p.t. only 5 or 6 molts were required and development was complete after 
15-23 days. At 15° C., “sea water,” larval development occurred in from 20 to 
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29 days with 5, 6, or 7 molts (Sollaud, 1919). Gompel and Legendre (1927) 
found that the first and second stages of Homarus vulgarus could withstand a 
salinity of 44 (1.033) but died at 23.3 (1.017). Their work does not include 
attempts to rear the larvae through successive molts and no reference is made to 
feeding. Templeman (1936a) studied the effects of a variety of environmental 
factors on larval development of H. americanus, and Broad (1957) followed the 
relationship between diet and number of larval stages of Palaemonetes pugio and 
Palaemonetes vulgaris. 

In the present study three temperatures were combined with four salinities to 
provide twelve distinct environments. Food was always abundant in all environ- 
ments, and the photoperiod was constant. 


Hatching 


Within the temperatures and salinities used there was little difference in the 
hatching process. Hatching was 100 per cent in all conditions and the so-called 
“pre-zoea” was never observed. Immediately after the zoeae left the egg mass 
some were removed, examined under a microscope, and were found to possess a 
dorsal spine and exposed maxillary hairs. Many authors have reported the “pre- 
zoea” from a variety of crabs hatched in the laboratory: Birge (1883), Panopeus 
sayi; Hyman (1925), Eurypanopeus depressus, Hexapanopeus angustifrons, 
Menippe mercenaria, Neopanope texana sayi, and Panopeus herbstii; Lebour 
(1928), all British species she described; Churchill (1942), Callinectes sapidus; 
and Chamberlain (1957), Neopanopeus texana sayi. As early as 1903 Williamson 
noted in experiments with Carcinus maenas that normal hatching produced only 
first zoeae ; if the egg mass were washed immediately prior to hatching, the “pre- 
zoea” could be obtained. Sandoz and Rogers (1944) observed that the number 
of “pre-zoea” of C. sapidus at hatching was associated with salinity. At 25 to 
30 p.p.t. few “pre-zoeae” were obtained while at 10.9 p.p.t., 90 to 100 per cent of 
the larvae hatched as “pre-zoeae” and apparently never molted to the first zoeal 
stage. 

Sandoz and Rogers (1944) also found that the few zoeae which did hatch at 
14 p.p.t. were sluggish and did not show the characteristic positive phototactic re- 
sponse. At 18 p.p.t. the zoeae were active and positively phototropic and at 24 
p-p.t. the larvae were quite active (Sandoz and Rogers, 1944). Broekhuysen 
(1937) found that development of the eggs of Carcinides maenas was normal 
and that hatching occurred at 28.3-40 p.p.t., 10° C., and at 18-40 p.p.t., 15.6° C. 
He suggests that the range of salinity in which the crab can develop is shifted 
toward the more saline waters and further comments that salinity and temperature 
together determine the limits for development. In the present study the first zoeae 
of S. cinereum were active in most salinities and always positively phototactic. 
At 12.5 p.p.t. the zoeae were not as active as in the higher salinities but did seek 
the lighted side of the bowl. 

To assure acclimation of the eggs to both temperature and salinity, the ovigerous 
females of S. cincreum were placed in the salinities to be used several days prior 
to hatching. Templeman (1936a) used larvae obtained from one egg mass, which 
were hatched at one salinity and temperature, and transferred them to the experi- 
mental salinities approximately two hours after hatching. He does not indicate 
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whether the change was gradual or abrupt. Sandoz and Rogers (1944) ap- 
parently followed a similar approach with some of the first zoeae of C. sapidus 
but allowed 24 hours before transferring them to the different salinities. A 
salinity range of 23 to 28 p.p.t. was found to be optimum for the hatching of 
zoeae of C. sapidus (Sandoz and Rogers, 1944). Coffin (1958) hatched the eggs 
of Pagurus samuelis at one salinity and temperature and immediately transferred 
the zoeae to the experimental conditions (personal communication). In these three 
studies, however, the best results were obtained with zoeae in salinities similar to 
the water in which the eggs were hatched. Thus, one questions whether the 
salinities described as “optimum” might not be due to the fact that larvae reared 
in water of the salinity at which they were hatched were not required to acclimate 
to abrupt salinity changes. In the present study separate crabs were used for 
each salinity to avoid this disadvantage. This procedure may, however, introduce 
a variable which is difficult to recognize or control: differences in viability of 
larvae obtained from different females. It is thought that this factor may account 
in part for the slight differences in molting frequency and duration of total larval 
life in larvae reared in 20.1 p.p.t. 


Larval development 


In the present study there is definite evidence that the duration of the individual 
stages and the over-all time required for complete development were affected by 
the salinities used. In the lower salinities, 12.5 and 20.1 p.p.t., there was a 
tendency for molting of the individual stages to begin later than at the higher 
salinities. While this may be seen for each stage in Figures 1-5, it is best shown 
in the total time required for zoeal development (Fig. 6). At comparable tem- 
peratures, there is a gradual reduction in the time of development from low salinity 
to high salinity. Templeman (1936a) found that the larvae of H. americanus 
required approximately the same number of days to develop to stage IV in salinities 
of 21.8 to 31.8 p.p.t. He suggests that molting may occur earlier at 21 p.p.t. and 
25 p.p.t. but the small number of larvae (12) used at each salinity do not give 
conclusive evidence. Templeman (1936a) also found that as the salinity was 
reduced, the number of first stage larvae which molted to the second stage also 
decreased: at 11.6 p.p.t. none molted to the second stage and in higher salinities, 
42.5 p.p.t., the results were similar. The results of Sandoz and Rogers (1944) 
with zoeae of C. sapidus indicate that the duration of the first stage is similar in 
both 20 and 25 p.p.t., at comparable temperatures. In salinities below 18 p.p-t. 
and above 29 p.p.t. the activity of the larvae decreased. A similar analysis of the 
duration of stages II and III is not given. In a later study Sandoz and Rogers 
(1948) followed the time required for megalops of C. sapidus to molt to the first 
crab stage in different salinities and in two rather broad temperature ranges. As 
the salinity decreased, from 31 to 10 p.p.t., a greater length of time was required 
for completion of the final larval molt (Sandoz and Rogers, 1948). At 11-17° C., 
the increase in time, with the same decrease in salinity, is even more obvious but 
as existing light conditions varied, the two experiments should not be compared 
directly. Inasmuch as the megalops were obtained from the plankton, and the 
age of the individuals was not definitely known, it is difficult to evaluate the 
significance of the 17 hours difference in molting. Coffin (1958) shows the dura- 
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tion of each stage of Pagurus samuelis at several chlorinities. With the exception 
of the first zoeae, the duration of the stages was less at a chlorinity of 16 (sal. 28.9 
p-p.t.) than at 19.3 (sal. 34.9 p.p.t.). This comparison includes the first three zoeal 
stages only (Coffin, 1958). Sollaud (1919) notes that a decrease in salinity, 
presumably from approximately 35 p.p.t. (“sea water”) to 6.5 p.p.t., increases the 
time required for complete larval development of Palaemonetes varians micro- 
genitor. In the present study, a decrease in salinity prolonged the length of zoeal 
development of S. cinereum. Although the time required for development of 
S. cinereum megalops to the first crab stage follows this trend, it is not as definite 
as the results for the zoeae and there is more overlapping in salinities of 20.1 and 
26.7 p.p.t. (Fig. 6). 

Survival of S. cinereum zoeae was definitely affected by salinity. As shown in 
Figure 7, the first stage zoea withstood the higher salinities (26.7-31.1 p.p.t.) 
better than the lower salinities (12.5 p.p.t—20.1 p.p.t.). Mortality in the second 
and third stages was relatively low in all salinities. While exact comparisons in 
stage cannot be made, it should be noted that mortality in Homarus americanus 
(Templeman, 1936a) was highest in the third and fourth stages in the lower 
salinities. Mortality of first zoeae of Pagurus samuelis was lowest at a chlorinity of 
19.3 (sal. 34.9 p.p.t.), the chlorinity at which the eggs had been hatched (Coffin, 
1958). In the remaining larval stages, the per cent mortality was similar in both 
16 and 19.3 (sal. 28.9 p.p.t. and 34.9 p.p.t.). Mortality of the fourth stage of 
S. cinereum varied from 50-83 per cent of the total mortality in 31.1 p.p.t. In 
the vast majority of cases the fourth stage zoea died in the process of molting into 
the megalops. Those larvae which did manage to successfully complete the fourth 
molt usually died within a few days. 

The effect of temperature on the duration of the individual larval stage of S. cine- 
reum is shown in Figures 1 through 5. With the exception of the zoeae reared at 
20.1 p.p.t., duration of the individual stages at 30° C. was approximately half the time 
required for comparable development at 20° C. At 25° C. there was considerable 
overlapping in the time of development. In general there is a greater range of 
time for all molts at 20° C. than at 30° C. although an insignificant number of late 
molts at the latter temperature occasionally spread the over-all time. Templeman 
(1936a) did not consider the effect of temperature on duration of the individual 
stages, except indirectly and with light as an additional variable. He does give, 
however, the time for development to the fourth stage of Homarus americanus 
reared at different temperatures. He found that at 24° C., 10.5 days were required 
while at 14° C., 26.5 days were required for comparable development. Sandoz and 
Rogers (1944), while not giving similar figures for C. sapidus, do note that below 
20° C. none of the first zoeae completed the molt into the second stage. Sandoz 
and Rogers (1944) also state that when other factors were favorable, active feeding 
occurred at temperatures of 19° to 23° C. The effect of temperature on the time 
required for completion of the four zoeal stages and the megalops stage of S. 
cinereum is shown in Figure 6. There is some overlapping at 25° C. but the 
minimum and maximum at 20° C. and 30° C. are quite discrete. 

Broad (1957) found that the number of stages of Palaemonetes pugio and 
Palaemonetes vulgarus varied according to the diet, and Templeman (1936a, 
1936b) found that a reduction in food produced a longer intermolt period and 
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sometimes produced an “extra” larval stage. In the present study a super-abundance 
of food was present in all 12 environments and variations in number of larval stages 
were never observed. The four zoeal stages and one megalops were found to be 
consistent throughout the study of 1266 larvae. Thus, while variations in diet 
may account for additional stages in the laboratory, variations in temperature and 
salinity do not alter the number of stages of S. cinereum. 


Ecological significance 


S. cinereum, ranging from the Chesapeake Bay to Mexico (Rathbun, 1917), 
is found at Beaufort, N. C., in areas of varying salinity. Pearse (1936), during 
the summer of 1928, found adult crabs adjacent to waters varying in salinity from 
0.5 to 18.9 p.p.t. During the summer of 1958 and 1959 the water in the collecting 
areas was 26.5 to 35 p.p.t. Although the limits of the breeding season are not 
known at Beaufort, N. C., ovigerous females of S. cinereum are abundant during 
the summer months and Sutcliffe (1950) found the greatest numbers of decapod 
larvae in the plankton at Beaufort throughout these months. In the laboratory, 
hatching was successful in salinities of 12.5 to 31.1 p.p.t. and it may be assumed 
that hatching of the larvae takes place naturally in waters where there is a wide 
salinity range. The time required for complete larval development of S. cinereum 
in the natural environment is not known. Because of differences in species, tem- 
perature, and food it is impossible to directly compare our results with the findings 
of other rearing studies. However, it may be noted that Sandoz and Hopkins 
(1947) found that the four zoeal stages and one megalops stage of Pinnotheres 
ostreum required 25 days, at 23° C., for complete development. Chamberlain 
(1957), rearing Neopanope texana sayi at 24° C., reported that development of 
the same number of stages required 20-25 days. Hart (1935), while commenting 
that the length of larval life is dependent on a number of environmental factors, 
gives four weeks for the two zoeal stages and one megalops of Pinnotheres taylori, 
but does not mention the temperature or salinity used in the laboratory rearing. 
At 25° C. Sesarma cinereum required 24-37 days and at 30° C., 20 to 22 days 
(Fig. 6). 

While it is beyond the scope of this study to discuss the theories of plankton 
retention or the effects of tidal currents on zooplankton, some of our results may 
be compared with the findings of some recent field studies. Bousfield’s (1955) 
excellent study on barnacle larvae in the Miramichi Estuary also includes some 
references to decapod larvae. He did not find the larvae of Rhithropanopeus 
harrissi in salinities higher than 23.5 p.p.t. but did find them in salinities as low 
as 4 p.p.t. Connolly (1925) also notes that larvae of this same species are found 
in brackish to fresh water but does not give salinities. Bousfield (1955) states 
that salinity is probably the chief factor affecting survival of barnacle larvae in 


the upriver limits of the estuary. Although not identified, either by species or 
stage, Sutcliffe (1950) found the largest number of decapod larvae in waters of 
high salinity (31.0-35.4 p.p.t.) and in temperatures of 24.9-30.0° C. He did 


not, however, investigate a variety of depths. It has been suggested from field 
studies that the survival of larvae of estuarine forms is associated with salinity and 
temperature and, as indicated by Bousfield (1955), also associated with vertical 
distribution and horizontal water movements. In the laboratory (Fig. 7) 100 per 








ENVIRONMENTAL EFFECTS ON CRAB LARVAE 195 


cent mortality occurred at low salinities (12.5 p.p.t.) and at high salinities 
(31.1 p.p.t.), whereas in the intermediate salinities (20.1 arid 26.7 p.p.t.) some 
zoeae passed through all larval stages and metamorphosed to the first crab stage 
at all three temperatures. The constant conditions of temperature and salinity, 
used in the laboratory studies, are obviously not found in the natural estuarine 
environments. If zoeae were hatched and retained in water of low or high salini- 
ties in nature, they might not survive. If, however, the vertical and horizontal 
water movements carried them to intermediate salinities, their chances of survival 
would be increased. An examination of Figure 7 suggests that optimum con- 
ditions of temperature and salinity exist for each larval stage of S. cimereum. 


Estimation of optimum conditions 


The salinity-temperature ranges for each larval stage of S. cinereum have been 
determined from laboratory-reared material. If these same environmental limits 
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Figure 8. Estimation of per cent mortality of first zoeal stage of Sesarma cinereum 
based on the fitted response surface to observed mortality under twelve different combinations 
ot salinity and temperature. 
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Ficure 9. Estimation of per cent mortality of second zoeal stage of Sesarma cinereum 
based on the fitted response surface to observed mortality under twelve different combinations 
of salinity and temperature. 


prevail in nature, one may make an estimation of the distribution and mortality of 
larval stages of this species in the natural environment. By using statistical 
methods it is possible to postulate the response of the larvae under a greater variety 
of environmental conditions than is possible from direct observations in the 
laboratory. 

The basic experimental design used in this study is usually referred to as a 
factorial design. Specifically the plan was a 3 xX 4 factorial using three levels of 
temperature and 4 levels of salinity, making in all 12 combinations of experimental 
conditions. If it is reasonable to assume that the effects of temperature and 
salinity are continuous, and further, that a temperature-salinity interaction may 
exist, then the 12 experimental combinations may be regarded as a sample in a 
continuum of temperature and salinity. Proceeding further one may postulate 
the existence of a continuous response (i.¢., per cent mortality) as a function of 
temperature and salinity, and that there may exist either unique optimum combina- 
tions of the two factors or that several combinations of temperature and salinity 
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may produce the same response. The estimation of this functional relationship has 
come to be called “the fitting of a response surface” (Box and Youle, 1955). 
For the present study the surface fitted is described by the quadratic form 


y = bo + Oyx1 + dex, + Dux? + deox2? + Diexixe 


where y = arcsin Vper cent mortality, x; = temperature in °C., x2 = salinity 
in p.p.t. Then 69 = constant, 6; = linear effect of temperature, 6. = linear 
effect of salinity, 6:4: = quadratic effect of temperature, bx. = quadratic effect 
of salinity, 6:4. = interaction effect between temperature and salinity. 

The b’s were calculated from the experimental points and the observed mortality 
by the method of least squares. A separate equation was obtained for each siage. 
The contours of the surface for several selected mortality percentages were then 
calculated and plotted in Figures 8, 9, 10, 11, and 12. 
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Figure 10. Estimation of per cent mortality of third zoeal stage of Sesarma cinereum 
based on the fitted response surface to observed mortality under twelve different combinations 
of salinity and temperature. 
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fiGuRE 11. Estimation of per cent mortality of fourth zoeal stage of Sesarma cinereum 
based on the fitted response surface to observed mortality under twelve different combinations 
of salinity and temperature. 


The contours in Figures 8 through 12 represent the predicted values of 
temperature and salinity which would produce the mortality indicated by the 
contour line. It should be noted that the usual dangers of extrapolation beyond 
the ranges of observed data are as inherent in this method of prediction as in 
any other. 

Two other uses may be made of the statistics computed in the fitting process: 
(1) an estimated optimum combination, if one exists; and (2) tests of significance 
of individual effects using the residual error mean square as an estimate of the 
experimental error 

The following maximum or minimum conditions were observed: 


Temp, °C, Salinity, p.p.t. 
Stage I 25.5 27.9 min. mortality = 1.9% 
Stage Il] 25.0 12.4 max. mortality = 20.4%; 
Stage III 26.0 24.1 min. mortality = 3.5% 


Stage IV No maximum or minimum 
Stage V No maximum or minimum 
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In making individual tests of significance the significance levels chosen were 
5 per cent, 10 per cent, and 20 per cent since the exploratory nature of this study 
was to identify possible leads toward important factors or combination of factors. 
Effects testing significance at the 5 per cent level were denoted as “marked 
effects,” those testing at the 10 per cent and 20 per cent level as “some effects.” 
T and T* were used to denote, respectively, the linear and quadratic effects of 
temperature, S and S* the same for salinity and (7 x S), the interaction. A 
summary of these tests follows: 


“Over-all 


**Marked effects” “Some effects”’ correlation” 
Stage | S T, T? 0.872 
Stage II 5S, T? 0.742 
Stage III r, = 3 2 XS) 0.829 
Stage I\ S?, (T X S) S 0.877 
Stage V S (T X S) 0.847 


[t is worth noting that the interaction effects which begin to show up in the 
third stage are reflected in the contours in Figures 8 through 12. Stages I and II 
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SALINITY D.p.t 
Ficure 12. Estimation of per cent mortality of megalops stage of Sesarma cinereum 
based on the fitted response surface to observed mortality under twelve different combinations 


of salinity and temperature. 
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with no interaction gave approximately concentric circles for contours. Stage II] 
shows a distortion of contours into pronounced ellipses. Stages 1V and V show a 
“ridge” pattern manifesting the interaction and the lack of a umique maximum 
or minimum. 

It is also possible to argue that the basic equations may be simplified by 
eliminating those factors which showed no effect and re-fitting the simpler model to | 
the observed data. In some cases this may be desirable or even the objective of 
the analysis. In this study, however, an attempt was made to describe the totality | 
of the response surface and to infer from the changing patterns with each zoeal 
stage a possible explanation of the mortality associated with each molt. We have, 
therefore, a sort of predicted mortality pattern as a function of temperature and 
salinity from which to postulate about the basic mechanisms involved in the 
system. Some such postulations which appear reasonable follow. 

\t 26-34 p.p.t. and 22—-30° C., mortality of 10 per cent or less may be expected 
in the first zoeae. With lower or higher temperatures and salinities, the mortality 
increases as shown in Figure 8. 

In the second zoeal stage the picture is quite different (Fig. 9). It was found 
that less than 10 per cent mortality could be expected at all temperature-salinity 
combinations other than 10-15 p.p.t., and 24-26° C. Even with these limits no 
more than 20 per cent mortality would be expected. Thus, it appears that the 
second larval stage is tolerant to almost any temperature-salinity condition which 


might exist in an estuary. 
As shown in Fig. 10, the tolerances of the third zoeal stage are somewhat simi- 
2 S 
lar to the pattern exhibited for the first zoeal stage. While the range of temperature 
: Ss 
is only slightly changed (21—31° C.) the salinity range (23-28 p.p.t.) is more 


limited for a survival of 90 per cent or more. 
1 


The pattern of survival for the fourth zoeal stage does not correspond to that 
shown for any other (Fig. 11). As the temperature of the water increases, up 
to 35° C., they can withstand reductions in salinity as low as 3 p.p.t. At lower 


temperatures, however, mortality increases with slight changes in salinity. 

The megalops stage (Fig. 12) is tolerant to a wide range of temperatures at 
high salinities (30-40 p.p.t.) and, interestingly enough, at high temperatures it 
can withstand low salinities. As the temperatures decrease, however, the resistance 
to low salinity is more restricted. 

The successful completion of the life history of S. cinereum appears to depend 
largely on the fourth zoeal stage. That is, survival and molting to the megalops 
can only occur in estuarine salinities. Those which may be carried out to the 
high salinities of the sea, or trapped in tide pools of high salinity, would be killed. 
Once the megalops stage is reached, however, it can withstand the salinity of the 
ocean and a wide range of temperatures, and it can also survive in lower salinities 
at higher temperatures. 

CONCLUSIONS 


From a study of 1266 zoeae of Sesarma cinereum (Bosc), reared in the labora 
tory under 12 different conditions of salinity and temperature, the following con- 


clusions may be made: 
1. Hatching of the first zoea of S. cinereum occurred successfully at salinities 


of 12.5, 20.1, 26.7, and 31.1 p.p.t. None were observed to hatch as “pre-zoea.” 





RR 
a 





ENVIRONMENTAL EFFECTS ON CRAB LARVAE 201 


2. Optimum salinities exist for the development of each larval stage. At 12.5 
p.p.t. there was a delay in molting while at 26.7 and 31.1 p.p.t. molting proceeded 
more rapidly. 

3. At 12.5 and 31.1 p.p.t. none of the larvae successfully completed development 
to the first crab stage. Mortality of zoeae at 12.5 p.p.t. was highest at the first 
zoeal stage and spread throughout the remaining larval stages. Mortality was 
highest in the fourth zoeal stage at 31.1 p.p.t. Some zoeae completed development 
to the crab at 20.1 p.p.t. but the highest per cent survival (24.4) to the first crab 
stage occurred at 26.7 p.p.t. 

4. Temperature has a more definite effect on length of larval development than 
on mortality. At 20° C., 35-39 days were required for complete development to 
the first crab. At 30° C., comparable development occurred in 20-22 days. 

5. Variations in temperature and salinity did not produce “extra” stages in 
S. cinereum. Those that completed development always passed through four zoeal 
stages and one megalops. 

6. Using statistical methods, the maximum and minimum conditions for survival, 
the effects of salinity, temperature, and the combined effects of salinity and tem- 
perature have been postulated for each larval stage within a wide range of salinity- 
temperature combinations. The statistical analysis, as well as the observed results, 
show that salinity is the chief physical factor which confines S. cinereum to an 
estuarine environment. 
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THE COMPLETE LARVAL DEVELOPMENT OF SESARMA 
CINEREUM (BOSC) REARED IN THE LABORATORY? 
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Numerous incomplete descriptions exist of larval development of the Grapsidae 
but they are usually based on reconstructions from planktonic material or confined 
to the first zoeal stage obtained from hatching in the laboratory. Cano (1891) 
described the development of Pachygrapsus marmoratus up to the crab stage but 
Hyman (1924) questioned the staging of the three zoeal stages by Cano (1891) 
and describes 5 zoeal stages from material collected at Beaufort, N. C. Conn 
(1884), comparing portions of larvae of Brachyura and Macrura, includes some 
appendages and the telson of Sesarma before and after hatching. Hyman (1924) 
gave a description of the first zoeae and appendages of Sesarma reticulata and, in 
describing the first stage of S. cinereum, noted that the two species are very similar 
morphologically. Aikawa (1929) described the first zoeae of Sesarma sp. briefly 
and figured the first stage of S. picta (1937), comparing setation of some append- 
ages with the description given by Hyman. Thus only the first zoeal stage of any 
species of Sesarma has been described. 

The purpose of the present study has been to rear the larvae of Sesarma 
cimereum (Bosc) in the laboratory, from hatching to the first crab stage, and 
provide a description of all larval stages. 


The authors wish to express their appreciation to Mrs. W. A. Chipman and Mrs. 
Doris H. King for their assistance throughout the study. We also wish to thank 
Dr. Fenner A. Chace for identification of the adult females from which the eggs 
were obtained. Adults from which the zoeae were obtained have been deposited 
with the U. S. National Museum. 


METHODS 


Ovigerous Sesarma cinereum females were maintained in finger bowls con- 
taining filtered sea water until hatching occurred. The larvae were reared in 
groups of 10 zoeae per bowl and fed Artemia nauplii and Arbacia eggs. They 
were changed to freshly filtered water in clean bowls and the bowls were examined 
daily for exuviae. Larvae were preserved in Bouin’s fixative at known intervals 
during development and exuviae were kept in 70 per cent alcohol to check 
setation of appendages. 

Drawings were made to scale with the aid of a Whipple disc mounted in the 
ocular of a compound microscope. The larval appendages were dissected from 


1 These studies were aided by a grant (G 4400) from the National Science Foundation 
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Figure 1. Side (A) and ventral view (B) of first zoeal stage of Sesarma cinereum with 
appendages. C, antennule: D, antenna; E, mandible; F, maxillule; G, maxilla; H, endopodite 
of first maxilliped; I, endopodite of second maxilliped. 
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each stage and drawn to a different scale from that used for the whole larvae. The 
chromatophore pattern was determined from living zoeae of known age. 


RESULTS 


There are four zoeal stages and one megalops stage in the complete larval 
development of Sesarma cinereum (Bosc). The major characteristics of each 


larval stage are as follows: 


First soea (Fig. 1) 


The cephalothorax has a short, tapering dorsal spine which curves caudally. 
The rostral spine is short, approximately equal in length to the antennae and twice 
the length of the antennule. The eyes are not stalked. The abdomen consists of 
5 segments plus the telson (Fig. 1, A). The second abdominal segment has a 
short lateral knob, directed laterally, and a small spine is present on the mid-lateral 
line of the third abdominal segment. The posterior margins of abdominai seg- 
ments 2-5 terminate in short, slightly rounded lateral spines which overlap the 
next segment. There are 6 spines on the inner surface of the telson (Fig. 1, B). 
The pattern of chromatophores is consistent for all four zoeal stages of S. cinereum. 
The location of the melanophores is as follows: 1, median to the eyes, extending 
ventro-laterally on each side of the cephalothorax; 2, a single chromatophore, 
median and slightly dorsal to the eyes; 3, ventral to the heart; 4, mandibles and 
labrum; 5, basopodite of first maxilliped ; 6, first abdominal segment, dorsal to gut ; 
7, posterio-ventral border of remaining abdominal segments. 

The short, conical antennule (Fig. 1, C) bears three terminal aesthetes of 
equal length and two smaller, non-plumose setae. The antenna (Fig. 1, D) con- 
sists of a protopodite which tapers gradually to a point and bears stiff hairs on 
the distal portion. The exopodite is a distinct segment, approximately one-third 
the length of the protopodite, and terminates in two, non-plumose setae of unequal 
length. The mandible (Fig. 1, E) has a large ventral tooth and several smaller 
teeth. The two-segmented endopodite of the maxillule (Fig. 1, F) bears four 
terminal plumose setae plus two shorter setae and a third, longer seta. The 
basal and coxal endites both bear 5 spines. The unsegmented endopodite of the 
maxilla (Fig. 1, G) is slightly bifurcated and has three terminal and two sub- 
terminal spines. The basal endite, also bifurcated, bears a total of 9 spines and 
7 spines project from the coxal endite. Four soft, plumose hairs fringe the distal 
border of the scaphognathite and the apical tip bears one hair. The setation of 
the 5-segmented endopodite of the first maxilliped (Fig. 1, H) is 1, 1, 1, 2, 4, and 
the exopodite bears 4 plumose swimming setae (Fig. 1, B). Setation of the three 
segments of the endopodite of the second maxilliped (Fig. 1, I) is 0, 1, 5, and 
four plumose swimming setae extend from the exopodite (Fig. 1, B). 


Second zoea 
The eyes are stalked. A spine projects from the protopodite of the maxillule, 
just below the endopodite (Fig. 2, E). Seven spines project from the basal endite, 


and the coxal endite has 6 spines (Fig. 2, E). The endopodite of the maxilla 
(Fig. 2, F) bears three terminal and two subterminal setae. This arrangement 








206 JOHN D. COSTLOW, JR. AND C. G. BOOKHOUT 


ee SE 





Figure 2. Side (A) and ventral view (B) of second zoeal stage of Sesarma cinereum 
with appendages. C, antennule; D, antenna; E, maxillule; F, maxilla; G, endopodite of first 
maxilliped; H, endopodite of second maxilliped. 
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remains unchanged in later larval stages. The endites of the protopodite are 
bifurcated and a total of 10 spines project from the basal endite while the coxal 
endite bears 8 spines. The scaphognathite (Fig. 2, F) has 5 soft hairs on the 
distal margin and the apical tip bears three hairs. The setation of the endopodite 
of the first maxilliped is 2, 2, 1, 2, 5, and 6 swimming setae are found on the 


exopodite (Fig. 2, B and G). On the endopodite of the second maxilliped the 
setation is 0, 1, 6, and the exopodite bears 6, swimming setae (Fig. 2, B and H). 


Third zoea 

The third maxilliped, chela and pereiopods are visible as small buds beneath 
the cephalothorax (Fig. 3, A). The abdominal segments have increased to 6. 
Segments 2—5 bear small pleopod buds. <A pair of small setae fringe the posterior 
margins of segments 2-6 on the dorsal surface. 

The endopodite bud of the antenna (Fig. 3, D) is equal in length to the 
exopodite but is not segmented. The basal and coxal endites of the maxillule 
bear 8 and 6 spines, respectively (Fig. 3, E). Ten spines are found on the basal 
endite of the maxilla (Fig. 3, F) and the coxal endite has 9 spines. The number 
of hairs on the distal margin of the scaphognathite has increased to 8 and 4 hairs 
project from the apical tip. Each of the exopodites of the first and second maxil- 
lipeds now bears 8 swimming setae while setation of the endopodites remains as 
in the second stage (Fig. 3, G and H). The rudiment of the third maxilliped is 
present but is unsegmented and has no setation (Fig. 3, I). 


Fourth zoea 


The rudimentary thoracic appendages are further developed and project below 
the border of the cephalothorax (Fig. 4, A). The lateral margins of the cephalo- 
thorax are fringed with short setae. Pleopod buds are larger and on segments 
2—5 the buds have short setae (Fig. 4, A and B). A pair of small spines is added 
on the inner margin of the telson (Fig. 4, B). 

The antennule (Fig. 4, C) is inflated in the basal region and terminates in 6 
flat aesthetes of varying size and one short seta. The endopodite of the antenna 
(Fig. 4, D) is equal in length to the protopodite, terminates in one short, non- 
plumose spine, and is partially segmented. The mandible (Fig. 4, E) has numerous 
teeth on the cutting surface and a small bare, unsegmented palp is added. Eleven 
stiff spines project from the basal endite of the maxillule (Fig. 4, F) and the coxal 
endite has a total of 7 spines. The basal endite of the maxilla (Fig. 4, G) bears 
12 spines and the coxal endite has 12. The scaphognathite now has a total of 23 
soft hairs on the periphery. Setation of the endopodite of the first maxilliped has 
increased to 2, 3, 1, 2, 6, and there are 9 swimming setae on the exopodite (Fig. 4, 
Band H). The exopodite of the second maxilliped has 10 swimming setae. The 
third maxilliped (Fig. 4. J) is partially segmented and bears a few, short setae. 


Megalops 


Cephalothorax without rostal or dorsal spines and provided with hairs at 
lateral edges (Fig. 5, A and B). Center of short rostrum depressed. Abdomen 
of six segments and telson which bears 8 short setae on distal margin. One small 
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Side (A) and ventral view (B) of third zoeal stage of Sesarma cinereum with 
C, antennule; D, antenna; E, maxillule; F, maxilla, G, endopodite of first 
endopodite of second maxilliped; I, third maxilliped. 


FIGURE 3. 
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Figure 4. Side (A) and ventral view (B) of fourth zoeal stage of Sesarma cinereum 
with appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, 
} endopodite of first maxilliped; I, endopodite of second maxilliped; J, third maxilliped. 
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Figure 5. Side (A) and dorsal view (B) of megalops of Sesarma cinereum with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, first 
maxilliped; I, second maxilliped; J, third maxilliped; K, ventral view of abdominal segments. 
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dorsal spine on posterior margin of abdominal segments 2-6. The chromatophore 
pattern is as follows: 1, two on the dorsal surface of rostrum; 2, anterior and 
posterior peripheries of eye stalks; 3, lateral borders of cephalothorax ; 4, posterior 
edge of carapace, dorsal to gut; 5, dorso-lateral surfaces of abdominal segments 
1-6; 6, mandibles and labrum. 

Antennule (Fig. 5, C) composed of enlarged base and peduncle with a flagellum 
of three short segments bearing a terminal tier of 5 aesthetes and a subterminal 
tier of 6 aesthetes. Antenna (Fig. 5, D) of 9 segments with setae concentrated on 
distal three segments. Mandible (Fig. 5, E) with large ventral tooth and a palp 
of two segments bearing four short, stiff spines on fringe of second segment. 
Maxillule (Fig. 5, F) with four terminal setae on endopodite and two additional 
setae on basal segment. Basal endite has 12 spines and coxal endite has 9 spines. 
Endopodite of maxilla (Fig. 5,G) with three terminal and two subterminal spines. 
Basal endite bears a total of 14 spines, and 13 project from coxal endite. The 
margin of the scaphognathite is fringed with approximately 30 soft hairs. The 
two-segmented exopodite of the first maxilliped has 5 terminal setae and three 
setae project from the first segment at the junction of the segments (Fig. 5, H). 
The unsegmented endopodite is reduced and bears four terminal spines. The basal 
endite of the protopodite has 8 prominent spines and the coxal endite bears 5. 
The epipodite has two setae on the basal portion and terminates in three hairs. 
The second maxilliped (Fig. 5, I) has an endopodite of four segments with stiff 
spines on the terminal segment. The two-segmented exopodite has 5 terminal 
setae. The third maxilliped (Fig. 5, J) has well developed endopodite of 5 seg- 
ments, all bearing stiff spines. The two segmented exopodite terminates in 5 setae. 
The epipodite is fringed on the basal margin by numerous short spines and 8 soft 
non-plumose hairs arise from the distal portion. 

The dactylopodite of the fifth pereiopod has three long setae with minute serra- 
tions on the inner surface (Fig. 5, B). Setation of the exopodites of the pleopods 
of abdominal segments 2-6 is 13, 13, 13, 11, and 8. Endopodites with one short 
seta are found on all but the uropods. Two small hooks are located on the inner 
surface of all endopodites of the pleopods. 


DISCUSSION 


A comparison of the results of the present work with previous descriptions of 
Sesarma larvae is limited to the work of Hyman (1924) and Aikawa (1937) with 
first stage zoeae. Setation of the exopodites of the maxillipeds is identical for 
first zoea of S. cinereum, S. reticulata (Hyman, 1924), and S. picta (Aikawa, 
1937) but, since four swimming setae are found on the maxillipeds of most first 
zoea described to date, the feature is of little diagnostic value. Hyman’s (1924) 
figures indicate that some slight differences exist in setation of the maxilla. We found 
three terminal and two subterminal setae on the endopodite of the maxilla and 
Hyman (1924) figures a 3:1 setation for the first zoea of S. reticulata. In the 
present study the coxal endite of the maxilla had 7 spines and Aikawa (1937) 
shows 8 spines for the first zoea of S. picta. In previous studies on a variety of 
decapod larvae (Hopkins, 1943, 1944; Hart, 1935; Connolly, 1923; Costlow and 
Bookhout, 1959) the setation of all appendages has been shown to increase pro- 
gressively through larval development. Thus, while the differences in setation of 
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S. cinereum, S. reticulata, and S. picta first zoea are slight, they may become 
greater as larval development continues. 

The carapace of S. cinereum does not contain lateral spines. Although Hyman 
(1924) noted the absence of lateral spines on the carapace of first zoea of S, 
reticulata and S. cinereum, Aikawa (1929) groups Sesarma sp. with larvae of 
Heterograpsus and Hemigrapsus because the first zoeal stage had rostral, dorsal, 
and lateral spines. A later description of the first zoea of Sesarma picta ( Aikawa, 
1937) notes the absence of lateral spines. In most of these descriptions the first 
zoea had been figured from larvae hatched in the laboratory. The presence of 
lateral spines on the carapace of Sesarma sp. (Aikawa, 1929) must have been the 
result of improper identification of the adult crab. 

In the present study all larvae which completed development passed through 
four zoeal stages. Hart (1935) described five zoeal stages from the laboratory 
rearing of two other Grapsidae (Hemigrapsus nudus and Hemigrapsus oregonensis ) 
and Hyman (1924) assigned 5 zoeal stages to Pachygrapsus marmoratus by re- 
constructing the sequence of larval development from planktonic material. Hyman 
(1924) notes (p. 2), “The metamorphosis of the family seems to follow the usual 
brachyuran formula. There are at least three zoeal stages and there are probably 
five.” Aikawa (1929) criticizes Hyman (1924) for his generalizations concerning 
the general structure of the grapsid larvae. The presence of four zoeal stages in 
the larval development of S. cinereum further points out the danger in generalizing 
on the number of larval stages a particular species of decapod “should” have. 
While some other grapsid crabs have been shown to have five zoeal stages, recent 
studies on the larval development of a variety of Brachyura larvae reared in the 
laboratory (Costlow and Bookhout, 1959; unpublished results) have shown that 
zoeal stages may range in number from 2 to 8, depending upon the species. 

In the present study only one megalops stage was observed for S. cinereum. 
Hyman (1924) figures and described two megalops stages for Pachygrapsus 
marmoratus, although he does not indicate whether he actually observed the molt 
from the first to the second megalops or based the description on two slightly 
different megalops obtained from the plankton. Although only one megalops stage 
has been described for most crabs, Aikawa (1937) figures two stages for Plagusia 
dentipes and found three distinct modes in megalops body length. From Aikawa’s 
(1937) account it is difficult to determine whether or not he actually observed the 
molt to the second megalops stage. Lebour (1928) discusses the several megalops 
stages attributed to Neopanope texana sayi by Birge (1883) and by Hyman (1925) 
and concludes it is probable that only one stage exists. More recent studies on 
laboratory-reared larvae (Chamberlain, 1957) have shown only one megalops 
stage for N. texana sayi. Although only one megalops stage may exist under 
optimum conditions, it is conceivable that dietary deficiencies could produce a second 
megalops stage in the same manner in which “extra stages” in the larval develop- 
ment of other species have been associated with food (Templeman, 1936; Broad, 
1957). 

Studies on megalops stages of other Grapsidae (Hyman, 1924; Hart, 1935; 
Aikawa, 1937) have figured an antennule composed of a swollen base with the 
distal segment of the peduncle bearing a segmented and an unsegmented flagellum. 
In S. cinereum megalops the segmented flagellum with the sensory aesthetes is 
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present (Fig. 5, C) but the unsegmented flagellum is missing and a small spine 
remains in its place. The absence of the unsegmented flagellum on the antennule 
may possibly be used to differentiate S. cinereum from the megalops of other species 
which have been described previously. 

Recent publications on rearing larvae in the laboratory should contribute to 
our knowledge of larval development and to our ability to identify planktonic forms. 
If complete descriptions of appendages and setation are omitted, the value is con- 
siderably reduced. Without accurate descriptions of possible diagnostic features, 
comparative studies on planktonic material and the positive identification of larval 
decapods will not be possible. 


SUMMARY AND CONCLUSIONS 


The larval development of Sesarma cinereum (Bosc) has been followed in the 
laboratory from hatching to the first crab stage. Twelve hundred zoeae were 
maintained on Artemia nauplii and Arbacia eggs under constant conditions of 
temperature, salinity, and light. From these studies the following conclusions 
may be made: 

1. Four zoeal stages and one megalops stage are found in the complete larval 
development to the first crab. These are described and figured. No variation in 
the number of zoeal stages was observed. 

2. The setation of all functional appendages in each of the four zoeal stages 
has been described and figured and may be used as possible diagnostic characteristics 
for larvae of Sesarma cinereum. Setation of the maxillule and maxilla increases 
progressively with larval development whereas setation of the endopodites of the 
maxillipeds does not change with the second and third stage zoea. 

3. The setation of all appendages of the megalops has been described and 
figured. The absence of unsegmented flagellum on the antennule of the megalops 
may serve as a diagnostic character for the differentiation of Sesarma cinereum 
megalops in planktonic material. 
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EFFECT OF TEMPERATURE AND SALINITY ON THE OXYGEN 
CONSUMPTION OF TWO INTERTIDAL CRABS? 
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Studies on the effect of temperature change in poikilotherms have demonstrated 
physiological adaptations which permit varying degrees of independence of environ- 
mental temperatures. Various rate functions proceed within certain temperature 
limits, at activity levels which show compensatory responses to temperature. 
Mechanisms that result in such adaptations allow for degrees of thermal homeostasis 
in physiological processes. Latitudinally, thermal acclimation of rate functions 
has been demonstrated for many marine poikilotherms (Rao, 1953; Scholander 
et al., 1953; Dehnel, 1955, 1956; Roberts, 1957b; and many others). Seasonal 
acclimation to temperature is documented (Edwards and Irving, 1943a; Clark, 
1955; Roberts, 1957b), as well as intertidal vertical distribution (Segal, 1956). 
A general conclusion, based on intra- and interspecific comparisons, may be drawn 
from these data. Rate functions, such as weight-specific oxygen consumption, 
growth, heart beat, show that northern latitude populations, at their own natural 
temperature, have activity rates comparable to winter-adapted populations (at other 
latitudes), and low intertidal populations. Further, these three groups, when 
compared with their ecological opposites (southern latitude, summer-adapted, or 
high intertidal populations), at the same experimental temperature have generally 
higher rates of activity. Bullock (1955) and Prosser (1955) have documented 
extensively these considerations for poikilotherms. 

Another environmental parameter, which has been given considerable attention 
by physiological ecologists is the effect of salinity on animal activity. Some of 
these studies have concerned mainly responses of poikilotherms to various osmotic 
concentrations, and determinations of gain and loss of water and ions in body fluid 
and urine, and accompanying weight changes (Jones, 1941; Robertson, 1949, 1953; 
Gross, 1954, 1955, 1957; Prosser, Green and Chow, 1955). 

Other studies have concerned the effect of various osmotic conditions on 
metabolic activity. Flemister and Flemister (1951) working with Ocypode 
albicans determined that oxygen consumption at 26° C. was lowest in sea water 
(378 mM. CI/L.), which was isotonic with crab blood, this water being considerably 
more hypotonic than field conditions at the time of collection (480 mM. CI/L.). 
As the concentration of sea water varied from isotonicity, oxygen consumption 
increased, the highest rates being found in hypotonic solutions. Lofts (1956) 
compared respiratory rates at various salinities from tap water to 65%, of two 
populations of the prawn Palaemonetes varians, one from a low salinity environ- 


1 These studies were aided by grants from the National Research Council of Canada and 
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ment (1.3%0 NaCl) the other from a high salinity one (23.5% NaCl). In both 
groups the rate of oxygen consumption decreased as the salinity increased from tap 
water. Minimal respiratory rate for the high salinity population was at a salinity 
of 26%o, a condition isotonic with the animals. Minimal rate for the low salinity 
population occurred at 6%c. This latter value is somewhat hypertonic to the 
environment, and the prawns from this area are correspondingly hypertonic. 
Oxygen consumption increased as the experimental salinities increased beyond 
those of the natural environment. Gross (1955) has shown oxygen consumption 
to decrease as a function of desiccation in Pachygrapsus crassipes. Short term 
desiccation (several hours) is believed not to be deleterious. In a later paper, 
Gross (1957) measured oxygen consumption in Uca at 16° C. as a function of 
external concentration of the medium. His results showed that oxygen con- 
sumption did not always increase with osmotic stress. These results disagree with 
those of Flemister and Flemister (1951) for Ocypode. Marshall, Nicholls and 
Orr (1935) found that oxygen consumption of Calanus measured in 50% sea 
water and 15° C. was about 70% of respiration recorded in normal sea water 
(34%e). No generalization may be given regarding the effect sea water con- 
centration has on oxygen consumption. 

More recently, the combined effects of temperature and salinity on animal 
activity have been investigated. Broekema (1941) used different temperature- 
salinity combinations to determine the combined effect of these parameters on 
length of life of the shrimp Crangon crangon. She found that the optimal salinity 
for two-year-old shrimp was about 33%e at a temperature of 4° C., whereas at 20° 
to 22° C. the optimal salinity was 28 to 29%. When temperature decreases, 
salinity must rise. This condition was noted also for younger shrimp, larvae and 
eggs. lIsotonicity is partially dependent upon temperature; at 20° C. isotonicity 
occurs at about 21.5%, at 4° C., at 23%c. Further, with respect to osmotic be- 
haviour, as temperature drops blood concentration rises in the hypotonic portion of 
the salinity range, and falls in the hypertonic part. These data support the fact 
that Crangon tolerates low salinities better when the temperature is high. Smith 
(1955a) has suggested that summer salinities in the Baltic Sea are not limiting 
factors for Nerets diversicolor, but low spring salinities and temperatures adversely 
affect osmoregulatory abilities, thus presenting an ecological limitation. In another 
paper Smith (1955b) compared chloride regulation in several geographically 
separated populations of Nereis diversicolor. One population was collected from 
upper River Tamar, England, and the level of chloride regulation was determined 
at a series of temperatures (7°, 14° and 21° C.) and over a range of chlorinities 
(0.02 grams chloride/liter to 14.08 grams chloride/liter). For a given chloride 
content of the medium the three temperatures produced no significant differences in 
level of chloride regulation. Further work by Smith (1957) on chloride regulation, 
as affected by temperature, in populations of Nereis lighti from the Salinas River, 
California has shown that at chlorinities above 1.0 grams/liter, low temperatures 
(0.5° C.) did not affect chloride regulation, when adapted to low salinities prior to 
exposure to low temperatures. However, animals adapted to 0.5° C. initially, in 
a chlorinity of 2.0 grams/liter, and then transferred to fresh water, failed to show 
chloride regulation, but did show volume regulation. At higher adaptation tem- 
peratures (12° C.) salinity reduction did not result in lowering of the coelomic 
chloride level. 
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In the last few years Kinne (1953, 1956a, 1956b) in a series of papers has 
reported the physiological effect of temperature and salinity on several species of 
invertebrates, with particular reference to growth in hydroids. Kinne (1957) 
states (p. 90): “temperature can change (enlarge, narrow or shift) the salinity 
range, and salinity can change the temperature range of a species. The effect 
of a given temperature depends on the salinity and vice versa.” Kinne and 
Rotthauwe (1952) have presented data for Rithropanopeus harrisi showing that as 
temperature decreases blood concentration rises along the entire length of the 
curve, except for salinities above approximately 30%0. This crab is hypertonic and 
normally lives in waters of very low salinity (1 to 5%). ithropanopeus has 
been shown to withstand low salinities better when the temperature is low. It 
should be pointed out that these conditions are the reverse to those reported by 
3roekema (1941) for Crangon. Kinne (1956b) observed growth and reproduc- 
tion in the hydroid Cordylophora caspia under different temperature and salinity 
combinations. It was determined that these hydroids withstood high temperatures 
at high salinities better than at lower salinities. 

The combined effect of temperature and salinity has been studied with regard 
to its influence on temperature tolerance. The pertinent literature has been 
reviewed recently (Todd and Dehnel, 1960). In this laboratory Todd and Dehnel 
(1960) investigated the influence of seasonal change and laboratory acclimation 
to various temperature-salinity combinations on heat tolerance of Hemigrapsus 
oregonensis and H. nudus. They found that there was a seasonal change in both 
species when winter and summer data were compared. Further, acclimation to 
a high temperature increased resistance to lethal temperatures and acclimation to 
low salinities decreased this resistance. For both seasons, winter and summer, a 
combination of high temperature and high salinity proved most favorable for 
resistance to lethal temperatures. 

The present investigation is a study of the combined effect of temperature and 
salinity on respiratory metabolism in two species of intertidal crabs, Hemigrapsus 
oregonensis and H. nudus. The facts that both species, in this geographic locality, 
occupy similar ecological niches, occur in abundant numbers, and are maintained 
readily under laboratory conditions permit inter- as well as intraspecific com- 
parisons. It has been demonstrated that the degree (absolute and relative) to 
which these crabs acclimate to a given parameter, either temperature and/or 
salinity, depends upon the season of the year at which they were collected and the 
experimental temperature-salinity combination imposed at either season. This 
work extended from the winter, 1955, to the summer, 1957. 


MATERIAL AND METHODS 


Abundance and suitability to laboratory conditions of these two eurytopic 
species, Hemigrapsus oregonensis (Dana) and H. nudus (Dana) permit studies of 
temperature and salinity acclimation. Schmitt (1921) lists distribution of H. 
nudus from Sitka, Alaska to the Gulf of California, and H. oregonensis from 
Prince William Sound, Alaska to the Gulf of California. 

Collections of crabs were obtained from Spanish Bank (Latitude, 49° 17’ N; 
longitude, 123° 07’ W), Vancouver, British Columbia (Fig. 1). Specific areas on 
the beach were marked and animals were collected only from these regions. H. 








218 PAUL A. DEHNEL 


oregonensis was collected at approximately the 7.0-foot tide level and H. nudus at 
the 9.0-foot tide level (based on Pacific Coast Tide and Current Tables, Canadian 
Hydrographic Service, Department of Mines and Technical Surveys). Sea water 
temperatures and samples were taken at each time of collection and salinity 
determinations were made on these samples. Animals were returned to the 
laboratory in canvas buckets containing dampened sea weed. 


Habitat 


The Spanish Bank area, from which populations of H. oregonensis and H. nudus 
are studied, borders the south shore of a relatively protected bay, which extends in 
an east-west direction. Extension of this beach forms a point (Point Grey), along 
the south side of which the Fraser River flows (Fig. 1). Spanish Bank beach is 
a rocky mud-sand intertidal area. The habitat for these crabs is the narrow 
restricted upper rocky area, ranging approximately from 3.0-foot tide level to 
10.0-foot tide level. The linear distance is about 150 feet. The fauna of this area 
is relatively poor, major elements being Mytilus edulis, Balanus glandula and the 
two grapsoid crabs. These species abound in numbers. Below this, the beach 
extends its gradual slope into a mud-sand flat which continues for several hundred 
yards, before dropping to form the channel. This mud flat is exposed on low tides, 
and a similar paucity of fauna is due to extremely low summer salinities, a condition 
to be discussed later. 

Latitudinal distribution of H. oregonensis and H. nudus is very similar. Eco- 
logically, however, these two species are quite different. Hemigrapsus nudus is 
an open coast intertidal species, whereas H. oregonensis is an intertidal bay and 
estuarine species. However, in this geographic area, both species are found 
abundantly, occupying essentially the same habitat. Vertically, H. oregonensis 
is located lower in the intertidal, and ranges from approximately the 3.0-foot tide 
level (lower area of rocks) to the 8.0-foot tide level. H. nudus is higher inter- 
tidally, ranging from approximately 6.0-foot tide level to 10.0-foot tide level. The 
zone of H. oregonensis is defined much more clearly than that for H. nudus. The 
zones as given above suggest nearly comparable width, a condition which existed at 
the beginning of the work, 1955-1956. For the past two years, there has been a 
relative stability of the H. oregonensis zone, but the zone of H. nudus has shifted 
progressively to a lower position, intertidally. The zone of overlap is broadening 
and the lower level of H. nudus now is approximately at the 4.0-foot tide level. 
At present, due to apparent contour changes of the beach, definition of areas is 
much less evident. Individuals of both species characteristically are found under 
the same rock, particularly in the area of overlap, a condition which changes some- 
what seasonally. The usual niche occupied by H. oregonensis is under rocks, 
frequently partially or completely buried in the mud, which contains considerable 
amounts of decaying organic matter. This species is found also in beds of Mytilus 
edulis. H.nudus is found under rocks, infrequently in mud, and also in Mytilus 
beds, but generally occupies a much less sedimented microhabitat. 

During the winter and early spring the zone of overlap is reduced and the 
areas occupied by the two species are defined more clearly. This zonation appears 
to be correlated with breeding activity. The breeding season for H. nudus is from 
January to May, and for H. oregonensis, from February to June. At the beginning 
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Figure 1. Map of the Spanish Bank area where this study was conducted. Note 
proximity of the Fraser River drainage which is responsible for seasonal fluctuations in 
salinity. 


of the breeding season the two species separate spatially. After the females lay 
eggs, the zone of overlap is increased and the two species intermingle. Evidence is 
available (to be published elsewhere) which demonstrates a degree of interbreeding 
between these two species. An intergrade series includes crabs ranging from H. 
oregonensis with characters of H. nudus to the opposite extreme. In other regions 
of their distribution, ecological conditions such as low salinity seem to serve as 
barriers and prevent interbreeding. In this area, however, no such barrier ap- 
parently exists. 

Temperature-salinity conditions in this area are rather severe, and warrant a 
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description. These relations undoubtedly serve to limit, ecologically, invasion by 
a more varied fauna. Seasonal variations impose strict limitations with regard to 
temperature and salinity tolerance, and only a select group appears to have adequate 
regulatory mechanisms to compensate for these changes. In adjacent regions where 
the Fraser River does not have an effect, the fauna is more plentiful and varied. 
Previously, it was stated that this beach area extends westward and the south- 
facing region borders the Fraser River. Volume of this river changes seasonally, 
flooding in the spring and summer, due to interior British Columbia runoff. This 
volume of water flows into the Strait of Georgia and currents carry the low saline, 
low density water mass into adjacent areas and around Point Grey into the collecting 
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Figure 2. Mean monthly intertidal sea water temperatures and salinities for Spanish 
Bank, Vancouver, British Columbia (1955-1959). Solid circles (@) represent sea water 
salinity (%), open circles (©) represent sea water temperature (° C). 
area. This fresh water influences greatly the intertidal salinity of Spanish Bank, 
not only seasonally but during a twenty-four-hour high-low tidal cycle. 

During the winter, intertidal sea water temperatures range from 1.0° C. to 
6° C. (Fig. 2). Isolated pools at low tide (which occur during the late evening 
and early morning) have been recorded as low as —0.5° C. Fraser River runoff 
is at a minimum and local salinities vary from 70% to 80% sea water. These 
conditions exist from approximately the end of November until the end of February. 
Winter conditions with regard to these two parameters are relatively stable ones. 
Spring conditions are transient, involving a rise in temperature and a drop in 
salinity. Temperature in late February and early March begins to rise, prior to an 
appreciable salinity change, from approximately 5° to 8-10° C. Following this, 
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salinity begins to drop to about 50% sea water. Spring conditions merge into summer 
conditions, which extend from approximately the end of May to the end of August. 
Spring temperatures continue to rise and salinities drop until average summer 
intertidal temperatures of approximately 20° C. and summer salinities of 25% to 
35% sea water are obtained. Again, for several months relatively stable tem- 
perature-salinity conditions exist. During the fall, from approximately August to 
November, a transient temperature-salinity period again exists. Fall salinities rise 
relatively more rapidly and earlier than the seasonal lowering of temperature. 
Stability, low temperature, high salinity, is reached during December and the 
seasonal temperature-salinity cycle is completed. 

In this geographical region the usual two low, two high tides per twenty-four 
hours are interrupted frequently and only one low or one high tide results. This 
condition is important conceivably during the summer months. Off shore, a line 
of demarcation results between low salinity, low density Fraser River water with 
higher salinity, higher density sea water. During a high tide, sea water over the 
intertidal region is mixed well, and the usual low summer salinity exists. As the 
tide drops, salinity remains low until the incoming tide brings in initially lower 
salinity water, and mixing occurs. This tidal fluctuation in salinity might be of 
the magnitude of 15% to 45% sea water. 


Seasonal rate-temperature experiments 


Male crabs of both species, ranging from approximately 0.3 grams to 6.0 
grams, were collected for these experiments and were placed in plastic containers 
(1014” x 13” x 41%") with lids, in approximately 3.5 liters of sea water. Each 
container held approximately 30 animals of one species. Lids were left ajar, and 
a gauze cloth was placed in the container to help separate the animals. Sea water 
salinity approximated field salinity at the time of collection. Containers were 
placed in temperature-controlled refrigerators (+ 1.0° C.) for approximately 
twenty-four hours, a sufficient time to allow partial clearing of the gut. Holding 
temperature approximated field conditions at the time of collection. Crabs were 
kept in darkness and not fed. Following the twenty-four-hour holding period, 
oxygen consumption was measured at a series of temperatures, 2°, (winter), 3.5°, 
(summer) 5°, 10°, 15°, 20°, 25°, 27°, and 30° C. In some cases oxygen con- 
sumption at two different temperatures was measured in one day. All experiments 
were commenced at approximately the same time each day. The following day 
another group was measured, these animals having been held under constant 
conditions of temperature and salinity for a maximum time of forty-eight hours. 
New collections were made to complete the series. For each experiment, meas- 
urements were recorded for twenty-four crabs. Crabs were discarded after 
measurements were completed for one day. Animals were changed daily with 
water of the appropriate salinity and temperature. 

Respiration studies on individuals respiring in air can be carried out most 
conveniently on H. oregonensis and H. nudus because of the intertidal environment 
occupied. In all respiration studies measurements were made with the Wennesland 
modification (1951) of the Scholander microrespirometer (1949). Crabs were 
placed in darkened chambers with sufficient sea water to keep the gills moist, and 
then transferred to a constant temperature water bath (+0.1° C.). Equilibration 
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time varied with the change between holding temperature and experimental water 
bath temperature. One hour for thermal equilibration was always allowed, with 
the respirometers open to the atmosphere. <A further forty-five minutes to one 
hour was allowed for each additional 5° C. change in temperature. Following 
thermal equilibration, the respirometers were closed and successive readings were 
made at ten-minute intervals. Each experiment lasted from one and one-half 
hours to two hours, based on the time required for respiration levels to become 
linear with time. Following the experimental period crabs were removed from 
the respirometer chambers, dried with gauze and weighed to the nearest 0.1 gram. 
Data on individuals were discarded if the animals showed activity, or if high or low 
respiratory rates were obtained, due to approaching death. Respiration rates were 
given as cubic millimeters of oxygen consumed per gram per hour (weight-specific 
oxygen consumption). Data for each experimental temperature were plotted as 
weight-specific oxygen consumption as a function of weight on log-log paper. 
Regression lines were fitted by the method of least squares. Respiratory rate for 
a given weight animal was plotted against temperature on semi-log paper to demon- 
strate the rate-temperature relationship. 


Temperature and salinity experiments 


Methods of collecting and holding were similar to those described for rate- 
temperature experiments. For the temperature acclimation experiments, four tem- 
peratures were chosen, 5°, 10°, 15° and 20° C. (+ 1.0° C.). Animals were ac- 
climated for at least one week, maintained under dark conditions and not fed. 
Experiments were arranged in such a fashion that a complete series of measurements 
was obtained on one species prior to commencing the other. Experiments were 
conducted during the late spring and summer months. In one series of experi- 
ments, at four acclimation temperatures, a constant salinity of 75% sea water was 
used, which corresponded to winter field conditions. In another series, a constant 
salinity of 25% sea water was used, which corresponded to summer field conditions. 
At the end of one, two and in some cases three weeks, oxygen consumption meas- 
urements were made on groups of crabs acclimated to each of the four temperatures 
and a constant salinity. Experimental water bath temperatures used were 10 
and 20° C. (+0.1° C.). Respiratory measurements were determined as men- 
tioned previously. After the 10° C. experimental temperature was completed, the 
water bath was raised to 20° C. (time required approximately one hour) and the 
animals were allowed one and one-half hours thermal equilibration. Following 
completion of the experiment and weighing, animals were returned to the experi- 
mental temperature and salinity conditions. Results were not different when 
animals were measured initially at 20° C. and then lowered to 10° C. Respiration 
rates were given as cubic millimeters of oxygen consumed per gram per hour 
(weight-specific oxygen consumption). Data for each acclimation temperature- 
salinity combination at each experimental temperature were plotted as weight- 
specific oxygen consumption as a function of weight on log-log paper. Regression 
lines were fitted by the method of least squares. 

All field and experimental salinities are expressed as percentage sea water, 
based on a standard sea water, 31.88%e salinity, 17.65%0 chlorinity at 25° C., as 
100% sea water. Sea water concentrations were prepared from local sea water, 
away from the influence of Fraser River runoff, which ranged from approximately 
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90% sea water in the winter to 65% in the summer. For concentrations below 
normal sea water, dechlorinated fresh water was added until the desired dilution 
was obtained. For concentrations higher than normal sea water, sea salt was 
added, based on 31.88 grams per liter of sodium chloride. Experimental salinities 
were determined on a 1000-cycle conductivity bridge calibrated to the standard 
sea water noted above. 

METHOD OF ANALYSIS 


As stated previously rate of oxygen consumption was plotted as a function of 
body weight (weight-specific) on a double logarithmic system. Such a plot, over 
an adequate weight range, gives a straight line with a negative slope. Regression 
of weight-specific oxygen consumption against body weight assumes the form: 

2 = awe 
W 
or: 
log O. — log W = loga + blog W — log W 


where O, is oxygen consumption of the crab in mm.* O,/gram/hour, W is body 
weight in grams, a the intercept and b the slope of the line. Negative linear regres- 
sion coefficients were calculated by the method of least squares. It was necessary 
to determine whether statistically significant differences existed between regression 
lines representing metabolic rates of crabs measured at different combinations of 
acclimation temperatures (5°, 10°, 15° and 20° C.), and salinities (25% and 
75% sea water) at the two experimental temperatures (10° and 20° C.). Each 
calculated regression line was based on oxygen consumption measurements of at 
least thirty-five crabs and in most cases fifty to sixty. These data are suited to 
statistical treatment by analysis of covariance, a standardized method outlined by 
Ostle (1954) for a randomized sample. The method was to test by analysis of 
covariance the null hypothesis that no true differences existed in the effect of 
different combinations of temperature and salinity on oxygen consumption, 1.¢., 
that two regression lines could be represented by a single regression line. In the 
analysis, negative logarithm values were eliminated by multiplying oxygen con- 
sumption rates by 10 before converting to four place common logarithms. 

Zeuthen (1953) has suggested that the terms “respiratory rate,” “metabolic 
rate” and “rate of oxygen uptake” be defined as “oxygen uptake per hour per unit 
of body size.” This procedure was observed here. Further, “weight-specific 
oxygen consumption” connotes the same meaning. Use of the word “acclimation” 
is preferred to “acclimatization” following the suggestion of Bullock (1955; see also 
Prosser, 1955). This word refers to intra- and interspecific compensatory changes 
whether these changes be phenotypic or genotypic. Other descriptive words such 
as “regulation,” “compensation” and “homeostasis” are used with no other im- 
plications than stated above. 


RESULTS 
Seasonal rate-temperature experiments 


Results of winter and summer oxygen consumption at various experimental 
temperatures, for crabs removed directly from field conditions, are shown in 
Figure 3 (H. oregonensis) and Figure 4 (H. nudus). Crabs of both species with 
a weight of 2.0 grams have been chosen arbitrarily to depict these data. 
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Hemigrapsus oregonensis: Respiratory metabolism for H. oregonensis con- 
sistently is higher for summer animals than for winter ones. These data demon- 
strate the fact that there is no acclimation of oxygen consumption to temperature 
by this species under field conditions. Shape of the winter and summer curves is 
similar in the physiological temperature range. Winter animals show no cold 
depression at 2° C. and some heat depression occurs between 25° and 27° C. 
Summer crabs are depressed greatly at 3.5° C., Q,, value between 3.5° and 5° C, 
is 836.0, and heat depression is above 27° C. Depression between 27° and 30° C. 
is somewhat less for winter crabs. Physiological temperature range for summer 
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Ficure 3. Seasonal rate-temperature curves, acutely measured, for 2.0-gram Hemi- 
grapsus oregonensis. Respiratory rates for this weight crab were chosen from regression lines 
determined for weight-specific oxygen consumption data at each temperature. Lines were 
fitted by the method of least squares. Summer animals (©) were kept in 25% sea water and 
winter animals (@) in 75% sea water, prior to and during the experimental period. 


crabs is about 5° C. to 27° C., whereas that range for winter crabs is 2° C. to 
25°-27° C. 

Hemigrapsus nudus: In Figure 4 approximately the same conditions as noted 
for H. oregonensis are presented for H. nudus. Summer-adapted H. nudus con- 
sistently are higher than winter ones, showing no respiratory acclimation to tem- 
perature under field conditions. Shape of the two curves is somewhat similar 
from 10° C. to 25° C. Consideration of the ends of the curves allows further 
discussion. Winter-adapted H. nudus show no cold depression at 2.0° C. whereas 
summer-adapted H. nudus show considerable depression below 5° C. The Q,, 
value between 3.5° and 5° C. is 166.5. At the higher end of the temperature 
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range, winter-adapted H. nudus show some heat depression between 25° and 27° C. 
Summer-adapted H. nudus likewise are depressed between 25° and 27° C. De- 
pression between 25° and 30° C. is considerably less for winter than for summer 
animals. Physiological temperature range for summer crabs is about 5° to 25° C., 
whereas that range for winter crabs is 2° C. to 25°-27° C. 

Interspecific comparison: Seasonal comparison shows that summer H. ore- 
gonensis have a slightly higher absolute oxygen consumption below 15° C. for 
any given weight and temperature, than does summer H. nudus for that same weight 
and temperature; 20° C. and above, summer H. nudus have a higher absolute 
oxygen consumption. Approximately the same rate is found at 15° C. Winter 


ISO 


HEMIGRAPSUS NUDUS 
20 gram animals 


100 


70 


8 


Winter 


MM> O2/GRAM/HOUR 
8 8 





2 355 lo 5 20 2 27 30 
TEMPERATURE °C 


Figure 4. Seasonal rate-temperature curves, acutely measured for 2.0-gram Hemi- 
grapsus nudus. Respiratory rates for this weight crab were chosen from regression lines 
determined for weight-specific oxygen consumption data at each temperature. Lines were 
fitted by the method of least squares. Summer animals (©) were kept in 25% sea water 
and winter animals (@) in 75% sea water, prior to and during the experimental period. 


crabs of both species have about the same rate of metabolism at 15° and 20° C. 
for any given weight. At other temperatures, the rates for H. oregonensis are 
higher. 

Both of these species fail to show a shift on the ordinate, winter versus summer 
(an acclimation shift), but neither do they show any appreciable difference at the 
high end of the temperature range. It would be expected that summer animals 
conceivably would show depression of oxygen consumption at a higher temperature 
than winter crabs. Actually, winter H. nudus extend their upper limits to about 
the same level as summer ones. Summer H. oregonensis has a slightly higher 
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limit than do winter crabs. If the summer curves for both species are considered 
as baselines, then it can be argued that winter animals are showing an acclimation 
of the upper physiological limit. They do not show the drop to a lower tempera- 
ture associated with cold water living. Correspondingly, winter animals have 
extended their curves to the left (lower temperature before depression) and 
winter animals have a somewhat wider physiological temperature range of oxygen 
consumption (2.0° C. to 25°-27° C., both species) than summer animals (5° C. 
to 27° C., H. oregonensis, 5°-25° C., H. nudus). Absolute temperature range 
for summer H. nudus is 20° C. and summer H. oregonensis is 22° C., whereas that 
same range for both species of winter crabs is about 23°-25° C. Such a condition 
is the reverse to that found by Segal (1956) for seasonal variations in heart beat of 
Acmaea limatula, and for growth rates of latitudinally displaced populations of 
gastropod larvae reported by Dehnel (1955). 

Another method which was used for comparison between two curves is Q,,, 
provided limitations are recognized and accepted. Over physiological ranges of 
temperature, Q,, values express variations in temperature sensitivity of oxygen 
consumption under different thermal conditions, if intervals between temperatures 
at which Q,, values are determined are relatively small. The Q,9 values determined 
for cold- or heat-depressed regions of the rate-temperature curves, for instance, 
would have no biological meaning unless the depression were shown to be fully 
reversible or to occur under normally encountered conditions. Evidence obtained 
from temperature tolerance experiments (Todd and Dehnel, 1960) shows that 
heat depression is reversible in both species, winter and summer, with respect to 
50% mortality levels at much higher temperatures than reported here. 

Comparison of Q,, values, winter versus summer, shows little consistency. 
Between 10° and 20° C. summer H. nudus have considerably higher Q,, values 
than winter ones (summer, 10°-15° C., Q,, = 2.8; winter, Q,, = 2.3; summer, 
15°-20° C., O,, = 2.3; winter, QO,, = 1.6). At other parts of the temperature 
range, winter crabs have higher values. Winter H. oregonensis between 10° and 
25° C. have higher Q,, values (winter, 10°-15° C., Q,, = 1.5; summer, Q,, = 1.3; 
winter, 15°-20° C., O,, = 1.5; summer , Q,, = 1.5; winter, 20°-25° C., O,, = 1.9; 
summer, Q,, = 1.2). At other parts of the temperature ranges summer crabs have 
higher values. 

Scrutiny of Q,, values for both species, winter and summer, shows many values 
to be much lower than the generally accepted value for poikilotherms, 2.0 to 3.0. 
Lower values are seen fairly consistently over physiological ranges of temperature, 
particularly for H. oregonensis, winter and summer. 


Effect of acclimation temperature 


Hemigrapsus oregonensis: When the four acclimation temperatures (5°, 10 
15° and 20° C.) are compared at either low (25% sea water) or high (75% sea 
water) salinity at 10° C. experimental temperature, it is seen that as acclimation 
temperature increases oxygen consumption decreases over most of the weight 
range (Figs. 5 and 6). Analysis of covariance of the total of the four regression 
lines at either salinity, with respect to their position on the ordinate, gives a P 
value of less than one per cent (Table 1). In the case of H. oregonensis (Fig. 5) 
when 1.0-gram crabs are compared at 5° C. and 20° C. and a salinity of 25% 
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sea water, there is an 879% increase at the lower acclimation temperature. The 
difference between these two regression lines is statistically significant (P = 0.01). 
Comparisons of the 5° C. acclimation temperature with the two intermediate tem- 
peratures similarly show significant differences at the one per cent level of 
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Analysis of covariance of rates of oxygen consumption per gram per hour as a function of weight 
in Hemigrapsus oregonensis and H. nudus at 10° C. experimental temperature, at two salinities (25°% 
and 75% sea water) and four acclimation temperatures (5°, 10°, 15° and 20° C.). Combinations 
of acclimation temperatures are compared at each salinity. P indicates the significance of the position 
of the regression lines on the ordinate. P» indicates the significance of the change in slope of the 
regression lines. b is the regression coefficient. r indicates coefficient of correlation 


Accl. sal ) oes : P P ' : ? 

Total 0.01 0.01 ae ® 678 8641 

5 and 10 0.01 N.S. 
5 and 15 0.01 N.S 10 685 8205 

25 5 and 20 0.01 0.01 
10 and 15 N.S. N.S. 15 — .966 —.§322 

10 and 20 0.05 0.01 
15 and 20 N.S. 0.01 20 111 8081 

H. oregonensis 

Potal 0.01 N.S. 5° C. —.589 9345 

5 and 10 0.01 N.S. 
5 and 15 0.01 0.01 10 — .591 — 8216 

75 5 and 20 0.01 N.S. 
10 and 15 N.S. 0.05 15 361 8338 

10 and 20 N.S. N.S. 
15 and 20 N.S. N.S. 20 — 333 — .5208 
Total 0.01 N.S ~c. — Shi — .8296 

5 and 10 0.01 N.S 
5 and 15 0.01 N.S. 10 -.517 — .8525 

25 5 and 20 0.01 N.S. 
10 and 15 N.S. N.S 15 —.578 — .8793 

10 and 20 0.01 N.S 
15 and 20 0.01 N.S 20 —.520 — .9109 

H. nudus 

Total 0.01 0.05 5° ¢ —.500 7598 

5 and 10 N.S. N.S. 
5 and 15 0.05 N.S. 10 —.441 —.8518 

75 5 and 20 0.01 0.05 
10 and 15 0.05 N.S. 15 — .459 — .7022 

10 and 20 0.01 0.01 
15 and 20 0.01 0.05 20 —.651 — .9419 


probability. Further, statistical comparisons of acclimation temperatures in various 
combinations are given in Table I. 

At the lower salinity (Fig. 5) it is seen that the regression lines, with the 
exception of the 5° C. acclimation temperature, converge toward the higher end 
of the weight range, at approximately 2.0 to 3.0 grams. Analysis of the four lines 
shows a statistically significant difference (P = 0.01) in change of slope. If the 
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Ficure 5. Effect of acclimation temperature on weight-specific oxygen consumption with 
increasing size in Hemigrapsus oregonensis, at the two acclimation salinities, 25% sea water 
(lower) and 75% sea water (upper). Each point represents an animal. Points for 5° C. 
(@) and 20° C. (QO) are included to demonstrate variation. Regression lines were fitted by 
the method of least squares. Slope values, coefficients of correlation and other statistical 
data are given in Table I. | 
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four acclimation temperatures are compared, as these temperatures increase the 
slopes of the regression lines are nearly parallel, whereas the 20° C. line is signifi- 
cantly different (P = 0.01) from the other three (Table I). If the rate of oxygen 
consumption of a 2.5-gram crab is compared at 5° C. and 20° C., the increase is 
47% at the lower temperature. This same difference exists for the two inter- 
mediate acclimation temperatures when either is compared with the 5° C. regres- 
sion line. This increase is approximately one-half that determined for a 1.0-gram 
animal at the low and high acclimation temperatures. 

At the higher salinity, 75% sea water, H. oregonensis shows a similar trend to 
that discussed for the lower salinity (Fig. 5). Comparison of 1.0-gram animals at 
low and high acclimation temperatures shows an 83% increase in weight-specific 
oxygen consumption at the lower temperature. Further comparison of the 5° C. 
line with the two intermediate acclimation temperatures results in levels of prob- 
bility of the same magnitude but less percentage differences (Table 1). Com- 
binations of intermediate acclimation temperatures within themselves or with high 
and low temperatures result in the same degrees of significance or insignificance as 
noted for the response to low salinity in this species. 

Again as with the low salinity, slopes (b values) of the four acclimation tem- 
peratures decrease as those temperatures increase. Comparing the change of 
slope of the four acclimation temperature regression lines, analysis shows that there 
is no significant difference (Table I). Specifically, regression lines of the two 
lower temperatures are nearly parallel, as is the case for the two higher acclimation 
temperatures, and no significant differences are found to exist within these two 
pairs. However, comparison of only the 5° C. line with the 15° C. one gives a 
statistically significant difference (P = 0.01). There is a tendency for the 10°, 
15° and 20° C. acclimation temperature lines to converge at the 2.0- to 3.0-gram 
weight. This is the same pattern as found at the lower salinity. Again, if a 2.5- 
gram crab is compared at 5° C. and 20° C. acclimation temperatures, there is found 
a 48% increase in oxygen consumption at the low temperature. This is ap- 
proximately one-half that determined for a 1.0-gram crab. 

Data are available but have not been presented for the experimental temperature, 
20° C. If any of the above comparisons are made at this temperature, the same 
trends are observed. They differ only in the fact that regression lines for the 
higher experimental temperature are located at a higher position on the ordinate. 
At this higher experimental temperature there is no evidence of heat depression, at 
either experimental salinity. 

Hemigrapsus nudus: Comparison of the four acclimation temperatures at low 
salinity for H. nudus demonstrates that as acclimation temperature increases, 
oxygen consumption decreases (Fig. 6). There is observed a 105% increase for 
1.0-gram crabs at the low temperature (5° C.) when this is compared with the high 
one (20° C.). The only combination of two lines which is not statistically signifi- 
cant is the comparison of the 10° and 15° C. acclimation temperature regression 
lines (Table 1). All other combinations give a P value of less than one per cent. 

When the slopes of the four acclimation regression lines are compared it is 
seen that there are no statistically significant differences (Table I). The four 
lines assume nearly parallel relations. 

At a salinity of 75% sea water response of these crabs at the four acclimation 
temperatures is similar when compared with the lower salinity. As the acclima- 
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Ficure 6. Effect of acclimation temperature on weight-specific oxygen consumption with 
increasing size in Hemigrapsus nudus, at the two acclimation salinities, 25% sea water (lower) 
and 75% sea water (upper). Regression lines were fitted by the method of least squares. 
Slope values, coefficients of correlation and other statistical data are given in Table lI. 
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tion temperature increases, oxygen consumption again decreases over most of 
the weight range. Analysis of covariance of the total of the four lines shows a 
significant difference (P = 0.01). If a 1.0-gram crab is compared at high and 
low acclimation temperatures there is a 28% increase in oxygen consumption at 
the lower temperature. Further comparison of the 20° C. regression line with 
either the 10° C. or 15° C. line gives the same level of significance (Table I). If 
the 5°, 10° or 15° C. regression lines are compared within themselves, either 
there is no significance or a significance to the 5% level, a value considered to be 
statistically significant. 

With regard to slope change at the higher salinity, the four acclimation tem- 
perature regression lines converge at the small end of the weight range (Fig. 6). 
Total line comparison for change in slope gives a significance to the 5 per cent 
level. This is true also for all combinations of the four regression lines with the 


exception of 10° and 20° C. where P=0.01. There is an approximate 67% 


increase in weight-specific oxygen consumption for a 2.5-gram crab at 5° C. over 
that noted for the same weight at 20° C. This percentage increase is more than 
twice that observed for a 1.0-gram animal, when the same two acclimation tem- 
peratures are compared. 

As in the case of H. oregonensis data are available but not presented for 20° C. 
experimental temperature for H. nudus. Again, the trends are the same, only the 
position on the ordinate differs. 

Interspecific comparison: If the above results as determined by the four tem- 
perature acclimation regression lines are compared between species, at either 
salinity, it is observed that weight-specific oxygen consumption is similar in some 
instances. This is the situation at both experimental temperatures. For instance, 
at 25% sea water, 5° C. acclimation temperature a 1.0-gram H. oregonensis has 
an oxygen consumption per gram per hour of 87 mm.*, and the same weight 
H. nudus with identical conditions has a value of 84 mm.* (3.5% difference). 
At 20° C. acclimation temperature, H. oregonensis has a value of 47 mm.* and 
H. nudus, 41 mm.* (15% difference). At 75% sea water, 5° C. acclimation 
temperature 1.0-gram H. oregonensis and H. nudus are about the same. At 20° 
C. there is a 35% difference, H. nudus having the higher rate (compare Figs. 
5 and 6). 


Effect of acclimation salinity 


Hemigrapsus oregonensis: When weight-specific oxygen consumption is com- 
pared at low and high salinities at 10° C. experimental temperature and a given 
acclimation temperature, the higher rate is found at the low salinity (25%). 
Analysis of covariance of the total of the four acclimation temperature regression 
lines in relation to the two salinities shows a statistically significant difference 
(P = 0.01) between low and high salinity (Table IIT). At the 5° C. acclimation 
temperature (Fig. 7) a 1.0-gram crab shows a 29% increase at the low salinity 
over that for the same weight animal at the high salinity. Similarly, at the 20° 
C. acclimation temperature there is a 27% increase at the low salinity. In Figure 
7 as well as Figure 8 only low and high acclimation temperatures with both salini- 


ties have been given. If either of the two intermediate acclimation temperatures 
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(10° and 15° C.) are compared at both salinities there is no significant difference 
(Table II). 

There is a convergence of regression lines of each acclimation temperature at 
both salinities toward the higher end of the weight range. However, statistical 
comparison of the total acclimation temperature regression lines at the two salinities 
or comparison of any regression line, likewise at the two salinities, shows no 
significance with regard to change in slope (Table I1). There is a tendency for 
the slope to decrease at the higher salinity for either the 5° or 20° C. acclimation 
temperature regression line. 

TABLE II 

Analysis of covariance of rates of oxygen consumption per gram per hour as a function of weight 
in Hemigrapsus oregonensis amd H. nudus at 10° and 20° C. experimental temperatures. Each 
acclimation temperature is compared at the two salinities, 25°, and 75° sea water. P indicates the 
significance of the position of the regression lines on the ordinate. P indicates the significance of the 
change in slope of the regression lines 


Expt. temp. (°C.) Accl. temp. (°C.) P P. 
Potal 0.01 N.S 

5 0.01 N.S 

10 10 N.S. N.S 

15 0.05 N.S 

20 0.05 N.S 


H. oregonensis 


Potal N.S N.S 

20 5 N.S N.S 
10 N.S N.S 

15 N.S N.S 

20 N.S N.S 

Total 0.01 N.S 

5 0.01 N.S 

10 10 0.01 N.S 
15 0.01 N.S 

20 0.01 0.05 

H. nudus Total N:S N.S 
5 N.S N.S 

20 10 N.S N.S 
15 N.S N.S, 

20 N.S 0.05 


At the higher experimental temperature (20° C.) when any of the four ac- 
climation temperature regression lines are compared at both salinities (5° C. at 
25% and 75% sea water) there are no statistically significant differences (Table 
II). Similarly, there are no significant slope changes under these experimental 
conditions. 

Hemigrapsus nudus: Consideration of the data for this species is quite different 
from that described for H. oregonensis. Weight-specific oxygen consumption 
measured at 10° C. experimental temperature is higher when crabs are acclimated 
to the low temperature, low salinity combination when compared with low tem- 
perature, high salinity (Fig. 8). Covariant analysis of the total four acclimation 
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temperature regression lines relative to the two salinities gives a significant differ- 
ence (P =0.01). A 1.0-gram crab at 25% sea water shows a 31% increase over 
that same weight crab at 75% sea water. The lines from which this weight crab 
was taken are significant at the one per cent level (Table II). At the higher ac- 
climation temperatures (Fig. 8 and Table II) crabs acclimated to the higher 
salinity have a higher rate of oxygen consumption and the differences at each 
acclimation temperature for both salinities are statistically significant (P = 0.01). 
Comparison of a 1.0-gram crab acclimated to 20° C. and both salinities shows a 
25% difference in rate of oxygen consumption. 
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Figure 7. Effect of acclimation salinity on weight-specific oxygen consumption with 
increasing size in Hemigrapsus oregonensis at two acclimation temperatures (5° and 20° C.). 
Regression lines were fitted by the method of least squares. Slope values are given in Table I, 
significance of slope change and other data are given in Table II. The two intermediate ac- 
climation temperatures (10° and 15° C.) are not included but the analyses are given in the 
tables. 


Reference to Figure 8 and Table II indicates no significant changes in slope 
either for a given acclimation temperature regression line compared at two salinities 
or total regression lines. 

The response of this species at the 20° C. experimental temperature shows 
no statistically significant differences when any acclimation regression line is 
compared at the two salinities, or when slopes are compared (Table II). 

Interspecific comparison: When these two species are compared with regard to 
their acclimation response to low and high salinity, one basic difference is noted. 
When both species are acclimated to low temperature, low salinity and low tem- 
perature, high salinity the weight-specific oxygen consumption regression lines 
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Figure 8 Effect of acclimation salinity on weight-specific oxygen consumption wit 
increasing size in Hemigrapsus nudus at two acclimation temperatures (5° and 20° C. 
Regression lines were fitted by the method of least squares. Slope values are given in Table I, 
significance of slope change and other data are given in Table [I. The two intermediate 
acclimation temperatures (10° and 15° C.) are not included but the analyses are given in the 
tables. 
are similar in position and slope. Low temperature, low salinity combination gives 
the greater rate. If, however, crabs are acclimated to high temperature at both 
low and high salinities, H. nudus has the higher rate at the high salinity combination 
and H. oregonensis at the low salinity combination. Percentage differences of a 
1.0-gram animal for both species are approximately the same, 25%. 


E ffect of size 


Hemigrapsus oregonensis: Reference to Figure 5 and Table I shows that there 
is a statistically significant change (P = 0.01) in slope (decrease) as the ac- 
climation temperature increases, when crabs are measured at 10° C. experimental 
temperature, and maintained at the low acclimation salinity. The fact that the 
four regression lines converge at the higher end of the weight range shows that 
weight-specific oxygen consumption of small animals, except at the low temperature, 
is affected by increase of acclimation temperature to a greater degree than large 
ones. With increasing weight there is a smaller change in rate for 20° C. ac- 
climated animals than for 5° C. ones. Thus, animals acclimated to high tem- 
peratures are less size-dependent. The Q,, values increase as weight increases 
over the range from 5° to 10° C. Comparison of a small crab (0.8-gram) with 
a large one (3.0-gram) shows a Q,, change from 1.9 to 2.4. The Q,, decreases 


with weight over temperatures from 10° to 20° C. 
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At the high salinity, analysis of covariance of the four acclimation temperature 
regression lines shows no statistical significance relative to slope change. As a 
result no real size effect is demonstrable (Fig. 5). The Q,, values at the 5° to 
10° C. temperature range increase as weight increases; Q,, of O0.8-gram crab 1s 
1.6, of a 3.0-gram crab, 1.9. An inverse Q,, relationship with weight or no change 
is noted at the two other temperature comparisons. 

When the two acclimation salinities are compared at each acclimation tem- 
perature, relative to slope change no statistically significant differences are found 
(Figs. 7, 9 and Table I1). Figure 9 compares different weight animals at the 
two salinities and over the range of acclimation temperatures. Small crabs (0.8- 
eram) and large ones (3.0-gram) have been chosen from the regression lines in 
Figure 5. If the per cent change (increase) in the rate (oxygen consump- 
tion/gram/hour) is determined for the two salinities at each acclimation tem 
perature the following values obtain. For small crabs at 5° C. there is a 30% 
change in rate; 10° C., 16%; 15° C., 46% and 20° C., 23%. For large crabs 

3.0-gram) the per cent change (increase) is less: 5° C., 17%; 10° C., 7%; 
15° C., 4%; 20° C., 20%. It is noted that for each acclimation temperature the 
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Figure 9. Effect of size on weight-specific oxygen consumption in Hemigrapsus 
oregonensis at the two acclimation salinities (25% and 75% sea water) and over the range 
of acclimation temperatures (5°, 10°, 15° and 20° C.). These weights were chosen from 
regression lines fitted by the method of least squares for data shown in Figure 5. The 
Statistics for the size effect are given in Tables I and II. 
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rate for the low acclimation salinity is higher generally than that recorded for the 
high salinity. 

Hemigrapsus nudus: For this species, at the low salinity, comparison of the 
total four acclimation temperature regression lines shows no significant slope change 
(Fig. 6 and Table I). Comparing Q,, values at the temperature interval of 5° to 
10° C. shows no iticrease in Q,, as weight increases; Q,, of an 0.8-gram animal is 


2.2; 3.0-gram crab, 2.3. Over the range from 10° to 15° C., there is only a slight 
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Ficure 10. Effect of size on weight-specific oxygen consumption in Hemigrapsus 
nudus at the two acclimation salinities (25% and 75% sea water) and over the range of 
acclimation temperatures (5°, 10°, 15° and 20° C.). These weights were chosen from 
regression lines fitted by the method of least squares for data shown in Figure 6. The 
statistics for the size effect are given in Tables I and II. 


change, 1.1 to 1.3, as there is observed over the range from 15° to 20° C., 1.8 for 
small crabs to 1.6 for large ones 

Covariant analysis of total four acclimation temperature regression lines at the 
high salinity gives a significance in slope change at the five per cent level (Fig. 6 
and Table I). In this instance, however, the four regression lines converge to the 
left (small weights) and this demonstrates that large animals are affected to a 
greater extent as acclimation temperature increases. With increasing weight there 
is a greater change in rate for 20° C. acclimated animals than for 5° C. ones. 
Animals acclimated to these higher temperatures are more size-dependent. If 
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Q,, values are compared over the range from 5° to 15° C. there is no increase with 
weight. Over the range from 15° to 20° C., the increase is direct with size, 1.3 
(0.8-gram) to 2.2 (3.0-gram). 


No statistically significant differences in slope exist when weight-specific oxygen 
consumption for total lines is compared for both salinities at each acclimation 
temperature (Figs. 8, 10 and Table II). It is noted, however, that a five per cent 
level of significance results when rate of oxygen consumption is compared at 20° C. 
acclimation temperature. Again as with H. oregonensis small (0.8-gram) and 
large (3.0-gram) crabs have been chosen from the regression lines in Figure 6 and 
presented in Figure 10 for comparison. The per cent change (increase) in the 
weight-specific oxygen consumption results in the following values. For small 
crabs at 5° C., there is a 31% change in rate; 10° C., 10% ; 15° C., 8% and 20° C., 
24%. For large crabs the per cent change is, 5° C., 28%; 10° C., 19%; 15° C., 
29% and 20° C., 9%. 

Interspecific comparison: It can be stated generally that increase in acclimation 
temperature affects size differentially at low salinity in H. oregonensis, whereas 
this effect is not noted in H. nudus. At the higher salinity H. nudus shows a 
differential size effect, whereas H. oregonensis does not. When the two salinities 
are compared at any acclimation temperature no size effect is noted for either 
species. If Q,, values are compared, there is a general increase with weight in- 
crease in both species at the low salinity over the range 5° to 10° C. At the two 
higher temperature intervals generally there is a decrease in Q,, with size or 
essentially no change. At the higher salinity, over the temperature range 5° to 
10° C., O,, values for H. oregonensis increase with size, whereas there is no change 
for H. nudus. For the two higher temperature ranges Q,, values either decrease 
or remain the same for H. oregonensis, and increase or remain the same for H. 
nudus. For any weight crab at either salinity, Q,, values tend to decrease as 
temperature increases. An exception to this is recorded for H. nudus at high 
salinity where Q,, increases as the acclimation temperature increases. 

Reference to Figures 9 and 10 shows that at the low acclimation temperature 
rate of oxygen consumption for large and small animals of both species is always 
higher for ones acclimated to low salinity. As acclimation temperature increases, 
low salinity continues to result in a higher rate for H. oregonensis, but for H. 
nudus higher salinity has a greater effect. 


DIscuUSSION 
Seasonal rate-temperature experiments 


Oxygen consumption measurements made on both species of crabs over a 
range of temperatures, summer and winter, and kept at the seasonal salinity, show 
that summer crabs, for any weight animal, have a higher respiratory rate than 
winter ones over the physiological temperature range. Further, heat depression 
occurs for winter animals at approximately the same high temperature as for 
summer crabs, and winter animals extend the range of low temperature to a point 
below that for summer ones. These responses result in a greater temperature 
range for winter animals before temperature depression occurs. The data relate 
to a condition described by Precht (1951) as inverse compensation (type 5). The 
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seasonal rate-temperature curves do not correspond to the frequently reported 
relationships, winter rates higher than summer (partial compensation, type 3). 

Hemigrapsus oregonensis: Use of the acclimated rate-temperature curve has 
been suggested as a method for comparing species ecologically, and for determining 
whether acclimation to low temperatures shows proportionally a greater compensa- 
tion when compared with high temperatures (Bullock, 1955). An acclimated 
rate-temperature curve can be plotted on Figure 3. This curve is determined by 
noting weight-specific oxygen consumption for winter animals at 5° C. (30 mm.* 
O./gram/hour) with summer ones at 20° C. (72 mm.*). These two points 
represent animals seasonally adapted to their own approximate natural tempera- 
tures and measured at those temperatures. This acclimated rate-temperature 
curve for H. oregonensis has a higher Q,, than either the summer or winter 
acutely measured curves. This means that animals show a greater temperature 
dependence when adapted to their field temperatures than when measured acutely 
over a series of temperatures, and before any demonstrable acclimation occurs. 
3ullock (1955) states that the acutely measured curve is steeper than the acclimated 
one (more temperature-sensitive). The curves for this species show this not to be 
the case, and if the acclimated rate-temperature curve is significant, then Q,, may 
have no real meaning. 

A further point of comparison is weight-specific oxygen consumption for sum- 
mer animals at 5° C. and 30° C., and the same comparison for winter crabs at these 
two temperatures. Summer animals have the same rate at the low and high 
temperatures, and winter ones are similar. If summer and winter animals are 
compared together at either the low or high temperature, again their rates are 
nearly the same. Summer and winter animals are depressed about the same at the 
high temperature and no depression occurs at 5° C. These data, coupled with the 
acclimated rate-temperature curves, are good evidence to show that no acclimation 
has resulted. 

Hemigrapsus nudus: When an acclimated rate-temperature curve is plotted 
for this species (Fig. 4+) the rate for winter animals at 5° C. is 20 mm. 
O./gram/hour, and for summer animals at 20° C., 83 mm.°. This curve is steeper 
(higher ©,,) than the winter acutely measured rate-temperature curve, and is 
approximately the same as the summer curve. Thus, winter animals show a 
greater temperature dependence when adapted to their field temperatures. Tem- 
perature dependence for summer animals is about the same for acclimated and 
acutely measured rates. 

When weight-specific oxygen consumption is compared for summer or winter 
animals at 5° and 30° C., both have a higher rate at the high temperature. But, 
if summer and winter crabs are compared at 30° C., both have the same rate, the 
depression being similar. Again this evidence shows that no seasonal acclima- 
tion has been found. 


Vetabolism and size 


Relationship of body size to metabolism is not only recognized but is invariably 
the subject of controversy when this dependence is discussed in various animal 
groups. The general concept states that weight-specific oxygen consumption is 
higher for small animals when compared with large ones, measured at a given tem- 
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perature and determined for animals of a given species or for closely related ones. 
If the logarithm of the rate is plotted as a function of the logarithm of weight a 
linear relation exists, with a negative regression coefficient. If total oxygen 
consumption is plotted against body weight, large animals have a higher metabolic 
rate. These relationships have been shown to exist for poikilotherms and 
homiotherms. Absolute changes occur when intra- and interspecific compari- 
sons are made relative to (1) temperature, (2) displacement of populations lati- 
tudinally and vertically, (3) season, (4) sex, (5) state of nutrition, (6) age, 
(7) other extrinsic and intrinsic factors. Relative changes remain, however, as 
mentioned above. Whether one is concerned with weight-specific or total oxygen 
consumption the problem involves the dependence of the rate on the weight, namely, 
the value and significance of the power function, 


Os 
W 


=aW* or O. = aW? 


The regression coefficient employed frequently is 0.67, a value that corresponds 
to the relationship between the surface of an animal and its body weight. This 
relationship indeed appears to be undoubtedly a spurious correlation as suggested 
by Weymouth, Crismon, Hall, Belding and Field, (1944) ; Brody (1945) ; Zeuthen 
(1953) and others. Regardless, it would appear ludicrous to assume the validity 
of such a “standard” value, particularly in view of the fact that rate functions 
vary with the influence of internal and external parameters. Further, there is no 
reason to believe that this influence on rate merely shifts the position of the regres- 
sion line on the ordinate. Zeuthen (1953) has shown that the regression coeffi- 
cient, b, assumes very different values ranging from 1.0 to negative numbers. 
Weymouth et al. (1944) compared respiratory rate to body weight in the kelp 
crab Pugettia ae with a series of Crustacea and found an exponent of 0.80. 
Scholander et al. (1953) likewise found a similar exponent, 0.80 to 0.85 when 
arctic and tropical crustaceans and fish were compared. Roberts (1957a) found 
for Pachygrapsus crassipes a power function of 0.664. Bertalanffy (1951) has 
correlated three different proportions of metabolism to weight with three growth 
types, namely 75, 94 and 1. Categorical definition of these power functions sug- 
gests them to be species-specific and unalterable, at least with respect to metabolic 
relationships. Bertalanffy and Krywienczyk (1953) demonstrated that oxygen 
consumption in brine shrimp, Artemia salina, plotted as a function of body weight 
follows the surface rule. These animals were cultured in artificial sea water and 
maintained at 25° to 27° C. 

Another aspect of weight-specific respiration to body weight is the change in 
slope when two or more regression lines are compared, these lines resulting from 
measurements made under different seasonal or experimental conditions (altering 
one or more parameters, such as a constant temperature and two salinities). This 
concerns the significance of parallelism or convergence of regression lines at the 
low or high end of the weight range. These conditions can be discussed either 
by statistical analysis of b values or by comparison of Q,,. As regards the latter 
Rao and Bullock (1954) have reviewed much of the literature. They summarize 
generally, stating (p. 38) that there is ‘“‘a common increase of temperature coefficient 
with size, on the specified assumption of a weight regression.” Ellenby (1951) 
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compared body size in the isopod Ligia oceanica, relative to oxygen consumption 
and pleopod beat. He found that total oxygen consumption at 25° C. was propor- 
tional to the 0.726 power of body weight, but that this value was not statistically 
different from 0.66. Oxygen consumption per unit of length* is constant over the 
size range (surface area is proportional to length*). Pleopod beat, on the other 
hand, gave a 0.66 power of body length at 15° C. and at 25° C. the value was 0.59, 
and these are not significantly different from the 0.5 power. In a later paper on a 
study of predicting oxygen consumption, Ellenby and Evans (1956) believed that 
in Ligia greater accuracy could be obtained from body weight than from a function 
of body length. Oxygen consumption prediction for prepupae of Drosophila 
melanogaster was found to be more accurate if based on surface area. Vernberg 
and Gray (1953) studied oxygen consumption of brain brei determined at 30° C. 
in a series of marine teleosts, and found two species whose rates of oxygen con- 
sumption were independent of weight or length. 

Clark (1955) studied the effect of temperature on the oxygen consumption of 
the terrestrial amphipod Talitrus sylvaticus. He reported an exponent of 0.836 
at 25° C. Further he showed that weight-specific oxygen consumption was greater 
in small animals (1.5 mg.) than in large ones (21.0 mg.) at temperatures above 
15° C. The Q,, values for winter animals between 20° and 30° C. was 2.33 for 
small amphipods and 1.66 for large ones. Roberts (1957a) determined oxygen 
consumption in the shore crab Pachygrapsus crassipes that were acclimated to 
three temperatures for a period up to seventeen days. Over the weight range 
used (1 to 40 grams) he found that Q,, varied directly with weight over the ac- 
climation temperature range 16° to 23.5° C. (Q,, = 2.73 at five grams, to 3.24 at 
thirty-five grams). No change was noted between 8.5° and 16° C. (Q,, for all 
weights was 2.66). At the higher acclimation temperature, slope of the negative 
linear regression changed from — 0.336 at the two lower temperatures to — 0.270 
at the high temperature, a change shown to be statistically significant. 

If Q,, values for seasonal rate-temperature data are compared for the two 
species of Hemigrapsus and for any weight of crab it is seen that generally Q,, 
values are relatively low at low temperatures in winter animals. A rise with in- 
creasing temperature to approximately 15° C. occurs, then Q,, values decrease as 
the temperature continues to rise. The same pattern exists for summer crabs 
except that at the lowest temperatures (3.5° to 5° C.) there is cold depression. 
When different weight animals are compared at any temperature interval, no 
generalization can be made as no trend is noted for either species, summer or 
winter. 

Experimental results for the series of acclimation temperature and _ salinity 
combinations fail to show any definite trend of Q,, values with increase in size or 
with increase in temperature for a given size. It should be mentioned that as with 
seasonal rate-temperature experiments, there is a tendency for Q,, values to in- 
crease at lower acclimation temperatures at both salinities, and then to decrease as 
acclimation temperatures increase. It is well to note at this point that Rao and 
3ullock (1954) have shown that in many instances Q,, shows no trend with size. 
These data support this contention. 

Dependence of metabolism on body size for the temperature and salinity ac- 
climation studies is somewhat at variance with that reported in the literature. 
Weight-specific oxygen consumption > values for both salinities and species range 
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from — 0.685 to — 0.333, or the positive linear regression coefficients range from 
0.315 to 0.667 (Table I). Only a very few instances approached the reported 
0.66 or 0.75 exponent. For the most part positive regression coefficients are 
relatively low values. If individual slopes or total comparison of the four ac- 
climation temperatures at either salinity are noted, it is seen that these slopes 
change in some cases to a considerable degree. Statistically significant differences 
have been noted for H. oregonensis at low salinity, and H. nudus at high salinity. 
For any given acclimation temperature, scatter tends to be greatest for small crabs. 
As the acclimation temperature increases scatter increases along the entire weight 
range. Reference to Table I gives the correlation coefficients, r, of each of the 
acclimation temperature regression lines for both salinities and both species. In 
each case the value for r is significant at the one per cent level as determined from 
a table of significance of r (Simpson and Roe, 1939). Sample size (N) is greater 
than 25 for all calculated lines. It should be mentioned that regardless of in- 
creased scatter at the small end of the weight range, a straight line has been 
demonstrated to be statistically the best fit, as a parabolic function described less 
well weight-specific oxygen consumption data. 

From these data it would be difficult to assign a positive linear regression coeffi- 
cient to a species and suggest that such a value might be an inherent or fixed 
character of that species. It is evident that the regression coefficient is dependent 
upon past environmental histories of the animal as well as experimental variables 
(temperature and/or salinity) to which the animal is exposed. Variability of the 
response of an animal is noted to be different depending upon the weight range, 
temperature, particularly, and salinity combinations. 


Temperature and salinity relations 


In a recent paper Kinne (1956a) has discussed aspects of temperature and 
salinity and their biological effect on marine, brackish and fresh water animals. 
Generally, he believes that temperature increase intensifies activity and decreases 
resistance, and temperature decrease produces the opposite effect. Further, marine 
organisms often resist a low salinity at extremely low temperatures. The resistance 
and existence of marine and brackish species is facilitated in a high salinity by a 
relatively high temperature, and in a low salinity by a relatively lower one. . Near 
limits of tolerance, low salinity and high temperature are often lethal, but low 
temperature and low salinity are tolerated. Heat resistance in brackish water 
species depends to a great degree on salinity. Decrease in environmental salinity 
causes a decrease in heat resistance, and with an increase in salinity, heat resistance 
increases. 

Results from experiments on the effect of temperature and salinity on high 
temperature tolerance in the two species of Hemigrapsus do not support completely 
these ideas. It has been determined that acclimation to high temperature resulted 
in an appreciable increase in temperature tolerance, both in summer- and winter- 
adapted animals, and acclimation to low salintiy decreased resistance. In this 
geographical area the two experimental combinations of temperature and salinity 
that produced the greatest (20° C., 75% sea water) and least (5° C., 35% sea 
water) resistance to high test tolerance temperatures never occur seasonally in the 
environment (Todd and Dehnel, 1960). 
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Numerous studies have demonstrated that metabolism increases when organisms 


are removed from their normal salinity medium and placed in a stress medium. 
Schlieper (1929) showed that oxygen consumption of the crab Carcinus maenas 
increased with decreasing salt concentration. Similarly, results were obtained for 
Nereis diversicolor and gill respiration of Mytilus edulis. Schwabe (1933) has 
reported a similar situation for the crayfish, Potamobius fluviatilis, as have 
Flemister and Flemister (1951) for the crab Ocypode albicans. These reports 
concern measurements made in different salinities and at a given temperature. It 
has been suggested that this increased rate of oxygen consumption reflected in- 
creased osmotic work. Schlieper (1929) suggested that in higher salt concentra- 
tions CO., a general stimulant for cellular respiration, would be removed more 
readily from the animal, whereas in lower salinities there would be a tendency for 
CQO, to accumulate, thus increasing respiratory rate. Later, Schlieper (1935) 
proposed the idea that water content of tissues was related directly to the amount 
of oxygen consumed. A higher water content increased volume of the tissues and 
the surface, which in turn facilitated absorption and hence the consumption of 
oxygen. This interpretation that increased metabolic rate results from increased 
osmotic stress has been subject to criticism. Krogh (1939) has discussed 
thoroughly this aspect of osmoregulation. Wikgren (1953) in an extensive re- 
view of osmoregulation as it is influenced by temperature has stated that the 
difference in oxygen requirement in fresh water as opposed to isotonic media was 
not attributable to osmotic regulation. He suggests that low salt concentrations 
stimulate basal metabolism directly by increased swelling of tissues or by influencing 
endocrine balance. These ideas in part are in accord with Schlieper (1935). 

Gross (1957) reports that certain crabs, e.g., Pachygrapsus, show violent 
attempts to escape from a medium which departs much from normal sea water 
in concentration. He suggests that increased oxygen consumption in increased 
osmotic stress results from increased muscular activity. Pachygrapsus crassipes 
has been shown by Gross (1957) to be a good regulator in both hypo- and 
hypertonic media. This species lives in an intertidal situation in sea water of a 
concentration of approximately 100%, and probably never is exposed to lower 
salinities in the field. 

Considering the results obtained in this study, it is evident that when H. 
oregonensis and H. nudus are acclimated to a series of temperatures at either low 
or high salinity, weight-specific oxygen consumption is greatest after acclimation to 
the low temperature (5° C.). As that acclimation temperature increases, oxygen 
consumption decreases. When low and high salinities are compared at each ac- 
climation temperature, the respiratory rate for H. oregonensis is higher at the low 
salinity, over most of the weight range for all temperatures (see Figure 7 for 
5° and 20° C.). For H. nudus acclimated to the same conditions, the rate is 
higher for the low temperature, low salinity combination, but as the acclimation 
temperature increases, oxygen consumption is higher at the high salinity (Fig. 8). 
The results obtained for H. oregonensis might be considered to be in accord with 
the idea of escaping an unfavorable medium as suggested by Gross (1957), or due 
to increased osmotic work at lower salinities as suggested by Schlieper (1935) 
and others. On the other hand these ideas would not explain the results obtained 
for H. nudus. When seasonal environmental changes in this area are considered, 
it cannot be stated that one temperature-salinity combination is normal any more 
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than the reverse relations that occur at another season. This is in contradistinction 
to that for an open coast intertidal species. It is recalled that during the summer a 
low field salinity normally exists, comparable to the experimental one, and is 
maintained for several months. During this period the temperature is high. The 
animals on which these experiments were conducted were summer-adapted ones. 
Further, both species are exposed to the same environmental conditions in the 
field. In addition, animals returned to the laboratory and placed directly into low 
salinity sea water have never been observed to attempt to escape from that water. 
There has been no evidence of this at any of the acclimation temperatures with the 
combination of low salinity. This is also the situation for winter-adapted crabs, 
collected from a high field salinity and low temperature and placed either directly 
or gradually into low salinity water in the laboratory. Under the circumstances 
of summer field salinities, it seems highly improbable that the higher rate of oxygen 
consumption at the low salinity is the result of the attempt by these crabs to escape 
this low concentration of sea water, particularly since this low salinity is normal for 
several months of the year. A priori, one would expect both species to approximate 
the same respiratory rate, even perhaps H. nudus to have a somewhat higher rate. 
This is based on the fact that the conditions to which H. nudus are exposed in 
this locality, are the unusual ones when the ecology of this species is recalled over 
the latitudinal distribution. H.nudus, for the most part, is an intertidal species and 
occupies a habitat somewhat comparable to Pachygrapsus crassipes. 

In connection with the observed high metabolic rate at low salinity, the work 
of Schlieper (1953, 1955, 1957) should be noted. Weight-specific oxygen con- 
sumption was determined for gills of Mytilus edulis collected from high salinity 
water (North Sea 30%c) and for ones from the same area but acclimated to low 
salinity (15%) for four weeks. Respiration was higher at the low salinity by 
nearly a factor of 2. Mytilus living in low salinity water (Baltic Sea, 15%e) had 
a higher oxygen consumption also by a factor of approximately 2, than ones col- 
lected from the Baltic but acclimated for four weeks to high salinity water (30%). 
Further, weight-specific oxygen consumption for animals acclimated to low salinity 
was approximately the same as that recorded for ones normally living in low 
salinity water, about 140 ml. O, per gram per hour. High salinity respiratory rate 
for both instances was about 80 ml. O, per gram per hour. This instance serves 
to demonstrate the fact that tissues of a sessile animal adapted to low salinity water 
have a higher respiratory rate when compared with ones adapted to high salinity 
water. Further, laboratory acclimation to low salinity results in a higher rate. On 
the other hand, measurements of mechanical activity of gill cilia, frequency of heart 
beat and heat resistance are lower in low salinity sea water. 

Differential metabolic response of Hemigrapsus to salinity is believed, in part, to 
be the result of osmotic stress, i.¢c., increased work to maintain an osmotic balance. 
\t high temperatures metabolic activity increases and low salinity may be a greater 
stress than a high one. This low salinity could reduce resistance and cause a 
greater osmotic problem; the resulting high oxygen consumption reflects osmotic 
work. The problem may be resolved, in part, by a present study of osmotic be- 
haviour of these two species to determine the responses to field conditions and to 
various laboratory combinations of temperature and salinity. Death at high 
temperature and low salinity may be due to osmotic breakdown. But the high 
temperature at which osmotic breakdown occurs depends upon the acclimation 
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temperature, salinity and season. Gross (1957) has calculated data from Jones 
(1941) to demonstrate change in osmotic gradients between blood and external 
medium in H. oregonensis and H. nudus as increased osmotic stresses are applied. 
These data show that as sea water concentration decreases below normal sea water, 
the internal osmotic concentration remains relatively constant. 

It is of significance and interest to be able to compare different populations of 
the two species of Hemigrapsus. Gross (1955) has demonstrated the general 
ability of terrestrial and semi-terrestrial crabs to regulate osmotically in dilute and 
concentrated sea water. He has found that H. oregonensis and H. nudus from 
southern California can regulate in 150% sea water for about twenty hours. 
However, both species from Vancouver die at that concentration in from two to 
six hours. At 125% sea water survival is longer, one to two weeks, but mortality 
is relatively high during this time. 

Recently Verwey (1957) has reviewed the problem of the influence of tem- 
perature on osmoregulation and has discussed means whereby marine and brackish 
animals attempt to live in a changing environment. For instance, the shrimp 
Crangon crangon migrates seaward toward the North Sea in autumn and returns 
in the spring to the region of the Dutch coast. Experimentally, it was found that 
salinity must increase as temperature drops for survival of this species. By 
migrating seaward the shrimp reach waters of higher salinity and somewhat warmer 
waters for winter survival, and return in the spring when coastal waters have a 
higher salinity. Other species that show a seasonal migration are those that 
migrate offshore in spring and return in autumn, such as the spider crab Hyas 
araneus, the shrimp Crangon allmanni and the prawn Pandalus montagui. This 
suggests that low salinities are tolerated better when the temperature is low. 
Still other species are those that do not migrate, the crab Rhithropanopeus harrisi 
and the amphipod Gammarus duebeni. These forms withstand low salinity better 
with a corresponding low temperature. They differ completely from C. crangon 
in their tolerance to temperature and salinity, are similar to Hyas araneus in 
tolerance, but differ from H. araneus in that they do not migrate. Verwey, in 
discussing these data, calculated changes in osmotic pressures expressed in atmos- 
pheres as opposed to the usual method of expressing salinity data as parts per 
thousand, freezing point depression (delta) or per cent sea water. Expression in 
atmospheres relates pressure, salinity and temperature. For instance, C. crangon 
kept in a salinity of 33%e and given a temperature change from 4° C. to 21° C., 
gives a value of 19.0 atmospheres for the blood at 4° C., and 19.1 atmospheres at 
21° C. Sea water of 33% at 4° C. has an osmotic pressure of 22.99 atmospheres 
and at 21° C. the pressure is 24.40 atmospheres. Osmotic pressure of the blood 
is unchanged, sea water osmotic pressure has increased with the rise in temperature, 
and the gradient between blood and sea water has increased. A salinity of 33%: 
is optimal for adult Crangon at 4° C. At a higher temperature (21° C.) the 
optimal salinity is about 28%. The absolute differences expressed in atmospheres 
in osmotic pressure of the medium and blood at the optimal salinities for these two 
temperatures are the same (see Verwey, 1957, for further discussion and refer- 
ences). Migration of Crangon in the autumn results in the animal moving into 
water of a higher salinity and hence higher osmotic pressure, eliminating differ- 
ences between blood and external medium caused by the drop in temperature, as 
well as the drop in salinity. It is suggested that Crangon attempts to maintain a 
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constant value in the differences between osmotic pressures of blood and medium 
by this migration. In connection with these aspects Panikkar (1940, 1941) found 
similar relationships for prawns and points out that minimum blood osmotic pres- 
sure can be lowered as temperature increases and thus osmotic work to maintain 
hypertonicity is less at high temperatures. He has suggested that colonization by 
marine animals of fresh and brackish waters in the tropics may be explained by 
the fact that range of tolerance to lowered salinity increases with higher tempera- 
tures. Euryhaline species can maintain hypertonicity readily and stenohaline or 
slightly euryhaline marine species can cope with brackish waters when tempera- 
tures are high. 

The ideas suggested by Panikkar (1940, 1941) might be extended to help 
explain the distribution locally of Hemigrapsus, particularly H. nudus. Both 
species, as noted previously, breed in late winter and spring. The earliest breeding 
occurs during the period of low temperature and high salinity. As breeding 
proceeds, temperature-salinity relations change until summer conditions exist. 
Water currents and tides are such that zoea and megalops larvae from regions near 
the outer coast could be carried through the Strait of Juan de Fuca, into the Strait 
of Georgia. Temperature-salinity field conditions are approaching summer ones 
as the larvae are released by the female and become planktonic. As larvae enter 
the Strait of Georgia, Fraser River water is mixing with the more saline water 
of the Strait, and the larvae are in a low salinity environment. However, sea 
water temperature is rising, and with increasing temperature, tolerance to low 
salinity increases. Thus, perhaps larvae when exposed to low salinity, resist its 
effect, survive and establish themselves in an area that seasonally has low salinity 
and high temperature conditions. Such conditions as these might explain the 
invasion of H. nudus into this geographic area. It would appear that H. oregonensis 
occupied this area originally, and that secondarily H. nudus became established. 
Such an idea is based on the fact that the usual ecological environment of H. nudus 
is the open coast intertidal. If an east-west cline of intertidal distribution is con- 
sidered, H. nudus is very abundant intertidally, whereas the density of the H. 
oregonensis population decreases as open coast areas are reached. 

Experiments with the larvae of these two species, to determine resistance, would 
clarify the responses to high test tolerance temperatures, when exposed to various 
temperature-salinity combinations. Preliminary experiments suggest that larval 
responses are similar to those of the adults, and this relates favorably to environ- 
mental conditions that exist during the planktonic and settling period of Hemu- 
grapsus larvae. It would be most significant to determine acclimation of oxygen 
consumption and temperature tolerance to different temperature-salinity combina- 
tions for populations of both species throughout their latitudinal distribution. 


SUMMARY 


1. Oxygen consumption measurements have been made on two species of crabs, 
Hemigrapsus oregonensis and H. nudus. These crabs were either brought from 
field conditions and measured directly, or acclimated to different combinations 
of temperature and salinity for two to three weeks prior to experimentation. 

2. Acutely measured seasonal rate-temperature curves for summer and winter 
animals of both species, kept at their seasonal salinity, have shown that summer 
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animals at all temperatures over the physiological range have a higher weight- 
specific oxygen consumption than winter ones. 

3. Winter animals of both species are depressed at a lower temperature than 
summer ones, and depression at the high temperature begins at about the same 
point for both summer and winter crabs. Comparison of summer and winter 
animals of both species at 30° C. shows about the same amount of depression. 

4. Both species fail to show an acclimation shift on the ordinate, summer 
versus winter, but winter animals show an acclimation of the upper physiological 
limit. 

5. Acclimated rate-temperature curves for both species generally have a higher 

©,, than either the summer or winter acutely measured curves. 
6. When summer crabs of both species are acclimated to a series of temperatures 
, 10°, 15° and 20° C.) at either low salinity (25% sea water) or high salinity 
5% sea water), it is seen that as the acclimation temperature increases, oxygen 
consumption decreases over most of the weight range. Statistical analysis shows 
these changes in ordinal position of regression lines to be significant at the one 
per cent level of probability. 

7. In H. oregonensis, weight-specific oxygen consumption is higher when ac- 
climated to 25% sea water, at all acclimation temperatures than when acclimated to 
75% and at the same series of temperatures. In the case of H. nudus the respira- 
tory rate is higher when crabs are acclimated to the low temperature, low salinity 
combination, when compared with low temperature, high salinity. At higher ac- 
climation temperatures, crabs acclimated to 75% sea water have the higher rate. 
Statistical analysis of ordinal position of regression lines for both species shows 
them to be significant at the one per cent level. 

8. When H. oregonensis is acclimated to low salinity and any of the four ac- 
climation temperatures, there is a differential size effect; weight-specific oxygen 
consumption of small crabs shows a proportionately greater change as acclimation 
temperature increases. And as acclimation temperature increases, size dependence 
decreases. Changes in slopes (0) for the total of the four acclimation temperature 
regression lines are significant at the one per cent level. If crabs are acclimated 
to the high salinity, no size effect is demonstrable. Comparison of the two ac- 
climation salinities at each acclimation temperature also shows no size effect. 
For H. nudus, animals acclimated to low salinity and the four acclimation tem- 
peratures show no size effect, but at 75% sea water there is a demonstrable size 
effect. Weight-specific oxygen consumption of large animals shows a greater rate 
change at higher acclimation temperatures, and there is greater size dependence at 
these higher temperatures. Significance of the regression lines is at the five per 
cent level. No statistically significant differences in slope exist when the respira- 
tory rate is compared for both salinities at each acclimation temperature. 


S 
/ 


9. Positive linear regression coefficients for these experimental results range 
from 0.315 to 0.667. Only a few approach the reported 0.67 exponent. These 
data show that the regression coefficient is not an inherent species character, but 
is dependent upon intrinsic and extrinsic factors. 

10. Values of Q,, have been used to compare seasonal rate-temperature data, 
but show little consistency in relation to acutely measured responses as a function 
of increasing experimental temperature, size increase or seasonal difference. Simi- 
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larly, the temperature and salinity acclimation data fail to show a definite trend for 

size increase or for increase in temperature at a given size. Generally, Q,, values 

increase at lower acclimation temperatures, at both salinities, and then decrease as 
the temperatures increase. 

11. Salinity affects the metabolic response of these two species of crabs to 
temperature. Weight-specific oxygen consumption is highest at the low tem- 
perature, low salinity combination. As temperature increases rate of oxygen 
consumption remains higher at the low salinity for H. oregonensis, but high salinity 
results in a higher rate for H. nudus. This greater response to low salinity is 
thought, in part, to be the result of increased work to maintain an osmotic balance. 
It does not result from increased muscular activity. 

12. Differential responses of Hemigrapsus to temperature and _ salinity, as 
measured by oxygen consumption and temperature tolerance, are suggested as a 
means by which H. nudus, in particular, became established in the geographic area 
of this study. 
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LIMB REGENERATION AND ENDOCRINE ACTIVITY IN THE 
CRAYFISH? 
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With the development of the concept of neurosecretion much new information 
has been obtained concerning the endocrine control of growth in crustaceans. 
Thus, neurosecretory cells in the x organs within the eyestalk send their 
secretory products via their axons to swollen axon terminations which are con- 
centrated around a blood sinus and called the sinus gland. The secretory products 
are stored here for later release into the blood (Bliss, 1953; Bliss, Durand and 
Welsh, 1954; Carlisle, 1953; Passano, 1953). One hormone of the x organ is 
molt-inhibiting in crabs (Passano, 1953), and evidence has been presented which 
indicates that it is produced in the crayfish by the type 2 neurosecretory cells in 
the x organ (Durand, 1956). The specific roles of other neurosecretory cells in 
the brain and eyestalks, some of which send their axons to the sinus glands, are 
unknown. Work on crustacean neurosecretion has been reviewed recently by 


Knowles and Carlisle (1956). 

In addition to neurosecretory elements, another endocrine gland, the y organ, 
is important in the regulation of crustacean growth. This gland, first described 
by Gabe (1953), produces a hormone which has been shown to stimulate growth 
and molting in Carcinides (Echalier, 1954, 1955). 

Because both of these endocrine glands function in the control of growth, it is 
important to know the time relationships between their periods of activity. The 
secretory activity of the two organs was studied, therefore, along with the regenera- 
tion of autotomized limbs since Bliss (1956) showed that certain stages in the 
regeneration of limbs in Gecarcinus reflect growth conditions within the animal 
in general. 


MATERIALS AND METHODS 


Animals 


Young Orconectes limosa (12-15 mm. carapace length) were collected from the 
Rahway River, Rahway, N. J. during the summer of 1956. Crayfish were then 
moved to Camden, N. J. and kept in half pint paraffin-lined containers, one cray- 
fish per container. The containers were covered with translucent plastic and kept 
in a water bath (temperature 20-25° C.). The water in the containers was 
changed twice weekly during July and August and once a week during September 
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and October. Freshly collected duckweed and algae, upon which the animals feed, 
vere added to the containers each time the water was changed. 






Regeneration 






In one group of animals, either on the day of molt or on the day after molt, 
each crayfish was made to autotomize its right rear walking leg. Pinching the 
meropodite with fine forceps was usually a sufficient stimulus to bring about 






autotomy. Animals were examined for signs of regeneration of the limb about 






three times per week during July and August and twice a week thereafter to the 
middle of October. A regenerating limb grows out from the autotomy plane as 
a long thin flexible structure, its segments linearly arranged within a membranous 







sac. This membranous sac and its contents, hereafter referred to as a limb bud, 





was measured under 15 * magnification with a pair of dividers, and the length was 
taken by comparison with the half-mm. scale of a metal machininst’s rule. The 
limb bud was measured from the tip to the plane of autotomy. 

In another group, crayfish were kept in the laboratory as described above and 







were made to autotomize the right hind walking leg within two days of collection. 






\ record of the regeneration of the leg was made for each crayfish as described. 






In order to compare the rates of limb regeneration of different sized animals, 






the size of the regenerating limb is expressed as the per cent of the carapace length: 





length of regenerating limb 
100. 





R = 
length of carapace 






This formula is comparable to that used for studies of limb regeneration in 


Gecarcinus lateralis (Bliss, 1956). 







Histology 






l-yvestalks and y organs were fixed in Bouin plus 1% CaCl, at various stages of 
limb regeneration and embedded in Tissuemat. LE yestalk serial sections (7 ») and 






y organ serial sections (10 ~) were stained in most cases with the aldehyde fuchsin 

technique (Halmi, 1952) with modifications as suggested by Dawson (1953). 
Counts of the type 2 neurosecretory cells which were located in the x organ 

and which contained secretory material were made according to the method given 








In a previous paper (Durand, 1956). 












RESULTS 






Limb regeneration 





Studies of the regeneration of autotomized limbs were carried out in this in- 





vestigation. The rate of limb regeneration was shown earlier (Bliss, 1956) to vary 





at certain stages of the intermolt period, and it was hoped that limb regeneration 





curves might be used as an indicator of endocrine conditions in the animal in 
general. As will be seen, it was found that only at certain times during the inter- 
molt period did the rate of limb regeneration reflect changes in endocrine conditions 






in the animal. 
Typical curves of limb regeneration are shown in Figure 1. These are selected 





curves for individual crayfish. The animals were made to autotomize on the day 
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after collection, and the rate of limb regeneration was measured to the following 
molt. Since the animals were collected at random, it is believed that all stages oi 
the intermolt period were represented in the population at the beginning of the 
experiments. Therefore, Figure 1 illustrates limb regeneration which began at 
successive stages of the molt cycle. 

It is seen that the stages of limb regeneration are similar to those reported by 
Bliss (1956) for Gecarcinus. Thus, following autotomy there is a lag period 
before any visible signs of regeneration occur; this period probably represents the 
time required for healing processes and the general mobilization of local growth 
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Figure 1. Limb regeneration curves for selected crayfish. 


processes. It is interesting that the length of the lag period (mean, 6 days) is 
essentially constant no matter when autotomy occurs during the intermolt period. 

Next, there occurs a period of basal growth, during which time the regeneration 
of the limb progresses rapidly. This stage is also essentially the same (the slopes 
are the same) no matter when it occurs during the intermolt period. The mean 
slope of the basal growth stage was 2.2, and 10-11 days were required for the 
completion of basal growth. 

Following basal growth, linear growth of the regenerating limb ceases, that is, 
it enters a period of plateau which lasts until near the end of the intermolt period. 
The limb has usually reached about 22% of the carapace length at this time. Ac- 


cording to Hodge (1956) differentiation of limb tissue continues during the period 
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of plateau. Therefore, only increase in length ceases while development does 
continue. The plateau R value is higher in Orconectes than it is in Gecarcinus 
(crayfish 22, crab 10). Bliss (personal communication) has suggested that this 
might be a reflection of the fact that the segments of the crayfish limb bud are 
straight whereas those of the crab are folded upon one another. 

For Gecarcinus, Bliss (1956) reported that shortly before the animal molts 
growth occurs again. She termed this period premolt growth. Only in some 
instances was it possible to detect this period in the young Orconectes used in the 
present study. In a few animals a suggestion of the premolt growth stage was 
detected (Fig. 1, animals A and B). Since this period is often short, it is possible 
that it occurred between the last measurement and the molt of the animal. With 
a measurement interval of 3—5 days, therefore, it would be possible to detect in 
most cases only a slight increase, if any, in the rate of limb regeneration at the 
end of the period of plateau. In view of this possibility, it is interesting that some 
animals which were caused to autotomize passed through a period of basal growth 
with the normal slope. However, these animals did not show a period of plateau 
(Fig. 1, animals D and E). Instead, growth continued at a rapid rate, and the 
animals molted within a few days. It is believed that these animals had been 
collected very near the end of their intermolt period and that basal growth and 
premolt growth are continuous when autotomy occurs late in the intermolt period. 

In summary, it is seen that the regeneration of autotomized limbs follows the 
same pattern in Orconectes as in Gecarcinus. Increase in length is restricted to 
the periods of basal growth and premolt growth. Since the slope of the basal 
growth curve remains the same at different stages in the molt cycle, it appears that 
this stage is not directly under endocrine control. On the other hand, premolt 
growth apparently is influenced by endocrine changes in the animal. Evidence for 
this is found later in this paper and in the study by Bliss (1956). 


Y organ 


A non-neurosecretory endocrine gland which functions in the control of growth 
in crustaceans is the y organ. Originally described by Gabe in many species of 
crustaceans (1953), it is located in the second maxillary segment in Orconectes 
limosa. It is always closely associated with the base of one of the large mandibular 
muscles and is close to, but not in contact with, the hypodermis. In serial cross- 
sections it lies dorso-laterally to the circumoesophageal connectives and posterior 
to the oesophagus. The y organ of this animal is irregular in shape; its location 
and rambling structure would make it difficult to extirpate. 

Histologically the cells of the y organ (Figs. 2, 4, and 6) are fairly uniform in 
size, and very fine strands of connective tissue divide the organ into short irregular 
cords about 1—2 cells in thickness. Blood spaces appear in the organ but are not 
particularly numerous. Frequently, however, blood cells can be seen between 
the cords of cells. The cells of the y organ possess a very finely granular, slightly 
acidophilic cytoplasm with well defined cell boundaries. The nucleus is sharply 
outlined and usually contains a single nucleolus. Scattered in the cytoplasm of the 
cells the secretory material appears in the form of irregular clusters of very small 
aldehyde fuchsin-positive granules. When the secretory material is present in 
very large amounts, the cytoplasm in general is stained with aldehyde fuchsin. 
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At these times granules or large droplets of secretory material usually are present 
alse 

During the greater part of the intermolt period, the cells of the y organ contain 
moderate amounts of aldehyde fuchsin-positive material (Fig. 4). Apparently all, 
or almost all, of the cells possess similar amounts of secretory material at any 
particular time. 

\t molt, however, the y organ undergoes striking changes in its secretory 


content. Animals fixed during the first four or five days after shedding possess 


organs in which it has not been possible to detect secretory material with the 
aldehyde fuchsin technique. The cytoplasm of these cells is apparently empty of 
secretory material (Fig. 2). The disappearance of the secretory material is 
definitely correlated with the molt of the animal although the two may not occur 
simultaneously. Some animals, but not all, possess empty y organs before molt. 
\ll animals possess empty y organs immediately following molt. In two cases, 
animals fixed while actually in the shedding process had y organs which contained 
more secretory material than normally (Fig. 6). 

[t is interesting to note that, while all animals possess secretory granules during 
most of the intermolt period, it is not possible to determine from y organ examina- 
tion alone how near to an approaching molt the animals are. Careful study of 
serial sections of y organs does suggest, however, that the size of the granules in the 
y organ cells increases as the animals approach molt. 

Neurosecretory cells 

In Table I are recorded the counts of the type 2 neurosecretory cells which 
contain secretory material in the x organs of animals fixed at different times during 
the intermolt period. It is obvious that a large number of cells possess secretory 
material at all times except molt. Thus, from 1—2 days preceding molt to 4-5 days 
after molt very few type 2 cells contain secretory droplets or granules (Fig. 3). 
Indeed, most of the type 2 cells are devoid of all signs of secretory activity during 
this period. Many type 2 cells contain granules or droplets of secretory material 
from a few days following molt to just before the next molt (Figs. 5 and 7). 

Of further interest is the observation that shortly after molt, when secretory 


Figure 2. Y organ from an animal during the first few days after molt. Secretory 
material is absent from the cells. Bouin plus calcium chloride; aldehyde fuchsin; 1140 

Figure 3. Type 2 neurosecretory cells in the x organ of an animal on the day after 
molt. Secretory material is absent from the cells. Bouin plus calcium chloride; aldehyde 
fuchsin; 1140 

Ficure 4. Y organ from an animal in the basal growth stage of limb regeneration 
The cells contain only a moderate amount of secretory material. Bouin plus calcium chloride; 
aldehyde fuchsin; 1140 

Figure 5. Type 2 neurosecretory cells in the x organ of an animal in the basal growth 
stage of limb regeneration. The secretory material in these cells as clumps of very 
small granules. Bouin plus calcium chloride; aldehyde fuchsin; 1140 

Figure 6. Y organ from an animal during the molt process. This animal possessed a 
high type 2 cell count. Note the large amount of secretory material in the cells. Bouin plus 
calcium chloride; aldehyde fuchsin; 1140 

Figure 7. Type 2 neurosecretory cells in the x organ of an animal during the plateau 
stage of limb regeneration. Note that the secretory material occurs in the form of droplets. 
Bouin plus calcium chloride; aldehyde fuchsin; 1140 
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material is again present in the type 2 cells, the material is in the form of numerou 


small granules scattered throughout the cytoplasm of each cell. Later in th 
intermolt period the secretory material is present in the form of fewer and larger 
droplets (Table I and Figs. 5 and 7), similar to those observed in Orconect 


TABLE I 


Counts of type 2 neurosec retory cells which contained sec retory mate rial 
in the x organ 


of material 


Animal number Stage of molt cycle Type 2 cell count 


Granules 


molting 
molting 
molt + hrs. 
molt + hrs. 
molt + hrs 
molt + 1 d. 
molt + 1d 
molt + 4d 
molt + 4 d. 
molt + 4 d. 
molt + 5d 
basal gr. 
basal gr 
basal gr. 
basal gr 
basal gr 
basal gr 
early plat. 
early plat. 
early plat. 
early plat. 
early plat. 
early plat. 
early plat. 
early plat 
early plat 
early plat. 
late plat. 
late plat. 
late plat. 
late plat. 
late plat. 
late plat. 
late plat. 
premolt gr. 
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virilis. In an earlier study (Durand, 1956) it was suggested that the presence of 
secretory material in the form of small granules might represent an early stage in the 
production of the material. If this is so, then the absence of any signs of secretory 
material in the x organ type 2 neurosecretory cells in the period immediately follow- 
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ing molt would indicate that the synthetic activities of these cells had ceased. It 
is during this time that many active growth processes occur. 


DISCUSSION 


So far we have seen that major changes occur in the two endocrine organs, x 
organ and y organ, at the time the animal molts. The secretory activity of the x 
organ neurosecretory cells, as indicated by type 2 cell counts, is compared to growth 
of regenerating limbs in Figure 8. The figure represents a generalization of the 
data, and an explanation of its construction is given in the next paragraph. 
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Ficure 8. Type 2 neurosecretory cell counts and R values of crayfish with regenerating limbs 
at the indicated times during the period of regeneration 


After animals with regenerating limbs had molted, the R values for each 
animal were plotted against the per cent of the growth period, and smooth curves 
were drawn through the points. The growth period in this case included the 
time from the first appearance of a regenerating limb to the molt of the animal. 
From each of the curves, R values were obtained at 10% intervals of the growth 
period. If the mean lag period of 6 days is subtracted from the mean intermolt 
period of 36 days, each 10% interval in the growth period is equivalent to three 
days of the mean intermolt period. In Figure 8 the mean R values are plotted at 
each three-day interval. Also plotted are the type 2 cell counts from Table I. 
The mean length of time required for the completion of basal growth was 10-11 
days, and the type 2 cell count for that stage was placed in the middle of that 
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time, on day 11 of the intermolt period. Days 16 to 32 would be the mean length 
of the plateau stage of limb regeneration if four days are allowed for the period of 


premolt growth. The mean type 2 cell counts for early and late plateau, therefor: 


were placed on day 20 and on day 28 of the intermolt period. These last two points 
represent, respectively, 25% and 75% of the plateau period. As discussed earlier, 
the premolt growth stage probably occurred in the last 3-5 days of the intermo! 
period, and so the type 2 cell count for that stage was placed on day 33, three days 
before molt. 

Figure 8 shows that some animals possessed low type 2 cell counts during the 
premolt growth stage of limb regeneration and just after shedding. No high type 2 
cell counts were found in animals during the first four days after shedding. In 
fact, the counts actually dropped to zero within 24 hours of shedding. About 4-5 
days after molt the secretory material could be detected again in the perikaryon of 
the cells. Two notable exceptions are animals number 3 and number 39 (Table [). 
These animals were fixed while shedding but, nevertheless, possessed high type 2 
cell counts. It should be pointed out that the y organs of these two animals, unlike 
those of other animals at molt, possessed unusually large amounts of secretory 
material. Apparently the initiation of the shedding process was independent of 
the y organ and x organ secretory content. 

The y organ also underwent its greatest change in secretory content just prior 
to the molt of the animal. Thus, secretory granules were present in the y organ 
cells during most of the intermolt period except for a few days before and after 
molt. In addition the secretory granules disappeared from the y organ cells before 
the decrease in the type 2 cell count occurred. Thus, premolt animals were found 
to have high type 2 cell counts and full y organs, high type 2 cell counts and empty 
y organs, low type 2 cell counts and empty y organs. However, no animals were 
found to have low type 2 cell counts and full y organs. 

The two endocrine organs consequently exhibited cyclical secretory behavior 
associated with molt. When their functions are considered, it is not surprising 
that they should do so. What is surprising is that both organs contained secretory 
material at approximately the same times during the molt cycle. On the basis of 
histological observations alone, it is difficult to interpret these results. For 
example, the presence of stainable material within a cell can mean either that the 
cell is producing and releasing its secretory products or that it is inactive. In the 
succeeding paragraphs certain physiological information concerning the two organs 
will be presented which suggests a possible interpretation of the observations re- 
ported here. 

It is known that neurosecretory cells in the x organ produce a molt-inhibiting 
hormone in crabs ( Passano, 1953). This hormone is passed via the neurosecretory 
cell axons to the sinus glands where it is stored for later release into the blood 
(Bliss, 1953; Bliss, Durand and Welsh, 1954: Carlisle, 1953; Passano, 1953). 
An earlier study by the author suggested that the type 2 neurosecretory cells in the 
x organ are the source of the molt-inhibiting hormone in the crayfish since they are 
the only neurosecretory cells that show histologically demonstrable quantitative 


changes in secretory material at molt. It was also suggested that the disappearance 
of secretory material from the type 2 cells could be accounted for by a rapid transfer 
of the material from the x organ to the sinus glands at molt. Another hypothesis 1s 
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that the rate of synthesis of the hormone was reduced below the rate of transfer. 
Since the type 2 cells are probably the source of the molt-inhibiting hormone and 
since the implantation of eyestalks inhibits the premolt growth stage of limb 
regeneration in crabs (Bliss, 1956), it is logical to assume that the presence of 
stainable material in the type 2 cells, during the intermolt period when molt- 
inhibiting hormone hypothetically is released, indicates that these cells are actively 
synthesizing the hormone. The absence of stainable material when molt-inhibiting 
hormone supposedly is witheld just before molt could result from a decreased rate 
of synthesis or an increased rate of transfer from the cell bodies to the sinus glands. 
The reappearance of the secretory material in the form of many small granules 4-5 
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FicurE 9. Diagrammatic summary of the secretory activity of x organ type 2 neurosecretory 
cells and the y organ cells in relation to limb regeneration and the molt cycle. 


days after molt would result from a rate of synthesis greater than the rate of transfer 
from the perikaryon. Unfortunately, no information is available concerning the 
secretory content of the sinus glands during the stages studied in this investigation. 
However, Pyle (1943) has shown that the sinus glands of Cambarus virilis (now 
Orconectes virilis) lose most of their stainable material soon after molt. 

Similar reasoning with respect to the condition in the y organ cells suggests 
that these cells may be actively secreting their hormone when they are histologically 
empty. Thus, it has been shown that the y organ is the source of a growth- 
promoting hormone in Carcinides by Echalier (1954, 1955). Travis (1955, 1957) 
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has shown that in Panulirus the resorption of the old integument occurs chiefly 
during the last three days before molt and the first two after molt. The production 
of all layers of the integument in Panulirus is completed by about eight days after 
molt. Travis reported that the intermolt period for the animals she used was 
65-70 days. If these processes required a proportionate period of time in 
Orconectes, they would have occurred entirely during the period in which the y 
organ cells were devoid of their secretory products. For these reasons it seems 
logical to assume that the y organ cells are secreting their hormone when they are 
histologically empty at molt. However, we cannot conclude this until more is 
known about the physiology of the y organ and its interaction with the x organ cells. 

In summary, an hypothesis can be constructed (Fig. 9) which agrees with the 
known facts but which requires additional experimental evidence. During the 
greater part of the intermolt period, secretory granules can be demonstrated in the 
type 2 neurosecretory cells and in the y organ cells. Hypothetically, molt- 
inhibiting hormone is released from the type 2 neurosecretory cells during this time 
while growth-promoting hormone is withheld by the y organ cells or released in 
insignificant quantities. The basal growth and plateau stages of limb regeneration 
can occur during this period. Just before molt and for a short time after, 
secretory material cannot be demonstrated in either the type 2 neurosecretory cells 
or the y organ cells. Hypothetically, the molt-inhibiting hormone of the x organ 
is not released at this time but the growth-promoting secretion of the y organ 
is released. At this time both premolt growth of regenerating limb buds and molt 
can occur. 

SUMMARY 


1. Four periods in the regeneration of autotomized limbs can be identified in the 
young of Orconectes limosa. The first, designated lag period, is one in which 
no growth occurs and lasts about 6 days. The second, the period of basal growth, 
is characterized by rapid growth of the regenerating limb. At the end of this period 
the regenerating limb is about 22% of the carapace in length. During the third 
period, called plateau, no growth occurs; this period occupies the greater part of 
the intermolt period. In the fourth period, premolt growth, rapid growth again 
occurs about 3-5 days before molt. 

2. The y organ and its secretory behavior are described. Changes in the 
activity of the y organ can be demonstrated histologically for only a brief period 
which extends from about three days before molt to 4-5 days after molt. 

3. The changes in the activity of the type 2 neurosecretory cells in the x organ 
are described. The most marked changes occur only just before molt and persist 
for a period of 4-5 days after molt. 

4. The secretory activity of the x and y organs are discussed in relation to the 
molt cycle and the regeneration of autotomized limbs. Arguments are presented 
in favor of the hypothesis that the y organ cells produce and release their secretory 


products when the type 2 neurosecretory cells in the x organ are inactive. 
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George and Naik (1958a, 1958b) have shown that the pectoralis major muscle 
of the pigeon consists of two distinct types of fibers, a broad glycogen-loaded white 
variety with few or no mitochondria and a narrow fat-loaded red variety having 
a large number of mitochondria in them. George and Scaria (1958) in a 
histochemical study of dehydrogenases (succinic, malic, lactic, and glycerophosphate 
dehydrogenases) in this muscle could not detect the presence of any of these 
dehydrogenases in the broad white fibers. They therefore concluded that these 
fibers in the pigeon breast muscle are a unique system in which none of the oxidative 
processes concerned with the above enzymes takes place and therefore cannot be 
considered as analogous to the white fibers of the other vertebrate skeletal muscles 
studied. These observations should naturally raise some important questions as well 
as doubts regarding the exact role of the broad fibers in this muscle and also the 
problem of energetics for their contraction. But, however, the above conclusions 
were based solely on histochemical observations and can be considered decisive only 
if supported by quantitative studies. Here we report the results of a quantitative 
study of the distribution pattern of the succinic dehydrogenase activity in the 
pectoralis major muscle of the pigeon. 


MATERIAL AND METHODS 


[t is technically impossible by ordinary methods to estimate directly the activity 
of any enzyme in the two types of fibers in the pigeon breast muscle after isolating 
the fiber types separately. But the indirect method, viz. of estimating the activity 
of the enzyme in different layers of the muscle, where the broad and narrow fibers 
vary in number, was adopted in the present study. The fiber architecture of the 
pectoralis major muscle of the pigeon has been worked out in detail by George and 
Naik (1959). They have found that the least number of broad fibers is found in 
the fasciculi situated in the middle of the dorso-ventral axis of the muscle and the 
number tends to increase above or below this mark, reaching the maximum in the 
most superficial and in the deepest layers of the muscle. They also showed that 
per unit area of cross-section of the muscle at any particular depth, the number of 
broad fibers is inversely proportional to the number of narrow fibers, and derived 
the formula 


Y = — 5.75 X + 890.01, 
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(where Y stands for the number of narrow fibers and X for the number of broad 
fibers) in order to estimate the number of narrow fibers in any one particular square 
mm. area, X being known. Throughout this study we made use of this formula 
for finding out the number of narrow fibers in a particular layer of muscle which 
was used for the estimation of the succinic dehydrogenase activity. 

The method employed in the estimation of succinic dehydrogenase was the one 
according to Kun and Abood (1949) which makes use of the principle that colorless 
TTC (2,3,5-triphenyl tetrazolium chloride) is reduced to a red insoluble com- 





Figure 1. Illustrating the topography of the muscle pieces used for the study of succinic 
dehydrogenase activity in the pigeon breast muscle. 


pound, formazan, by the enzymic oxidation of succinate to fumarate. The color 
developed was extracted in acetone and the intensity measured in a colorimeter. 
The amount of formazan formed was directly read from a standard curve plotted by 
reducing completely known quantities of TTC by sodium hydrosulphite. Since 
the reduction of TTC by hydrosulphite was found to be reversible, the color was 
stabilized by adding acetone within one minute of the addition of hydrosulphite to 
the TTC solution, during which time the TTC was completely reduced. 

In order to ensure that only uniformly well developed pectoralis major muscle 
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was used in the study, well fed and fully grown, normal laboratory pigeons 
(Columba livia) were used throughout. 

In each experiment a bird was decapitated and the blood completely drained off. 
Pieces of muscle from the regions shown in Figure 1 (A and B) were cut off for 
each set of experiments. <A portion (1) of this muscle piece A was immediately 
mounted on the stage of a freezing microtome with the superficial (ventral) side 
facing up, so as to obtain serial horizontal sections of the desired thickness starting 
from the superficial side of the muscle. The remaining portion (2) of the same 
piece was set apart for counting the broad and narrow fibers. The same procedure 
was followed for muscle piece B. In most cases it was found necessary to freeze 
the muscle block first with the superficial (ventral) face down and after trimming 
the deeper (dorsal) side it was reversed so as to render the surface even and 
parallel to the edge of the knife. When the block was frozen hard the epimysium 
was removed by a superficial stroke of the microtome knife and serial sections of 
0.5 mm. or 1.0 mm. thickness as required, were cut. The sections were immediately 
transferred to weighing bottles and the weight determined. They were then chilled 
and each of the sections was homogenized in 10 ml. of distilled water. The succinic 
dehydrogenase activity of this homogenate was then determined using the method 
mentioned above. 

The incubation mixture in each case contained 0.5 ml. of 0.1 M phosphate 
buffer of pH 7.4, 0.5 ml. of 0.2 M sodium succinate, 1.0 ml. of the muscle homog- 
enate and 1.0 ml. of a freshly prepared 0.1% solution of TTC in a total volume of 
3 ml. The TTC solution was added last, and after shaking, the tubes were in- 
cubated for 15 minutes at 37° C. Seven ml. of acetone were then added to each 
tube. The tubes were tightly stoppered, shaken well and centrifuged for about 
three minutes at about 3000 r.p.m. The clear supernatant was drawn off and the 
intensity of the color read at 420 mu on a Klett-Summerson photoelectric colorim- 
eter. The readings were corrected for a blank with zero time incubation. In- 
hibition experiments with malonate confirmed that the color production was solely 
due to succinic dehydrogenase. 

Part (2) of the original piece of the muscle was sectioned as shown in Figure 1. 
The section was mounted in 50% glycerine and the number of broad fibers per 
square mm. counted according to the method described by George and Naik (1959). 
From the broad fiber count, the number of narrow fibers in the particular area 
was calculated using the formula already referred to. 


RESULTS 

The dehydrogenase activity is expressed in the number of micrograms of 
formazan produced by 100 mg. wet weight of the muscle for 15 minutes at 37° C. 
under the conditions of the experiment mentioned above. We do not claim that the 
values given are absolute because it is likely that freezing and thawing of the 
tissue in the process of cutting sections destroys a certain amount of its enzyme 
activity. However, this loss of activity could not be considerable and could be 
even neglected in view of the fact that our purpose is to compare the activity at 
the different depths and in relation to the number of the fibers per square mm. 
area. 

The succinic dehydrogenase activity and the number of broad and narrow 
fibers per square mm. in the different layers of the regions A and B of the breast 
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TABLE | 


Showing the succinic dehydrogenase activity in the different layers of the regions A and B 
(marked in Fig. 1) of the pectoralis major muscle of the pigeon and its relation 
to the number of narrow fibers. (The figures indicate the average values 
of five sets of readings.) 


Succinic dehydrogenase activity in 














| No. of broad fibers | No. of narrow fibers | peg. of formazan per 100 mg. of 
—— a ae per squaremm. | per square mm. wet muscle per 15 minutes 
Exp superficial side — 
(ventral face) ——__—_———— —|- 
Region A | Region B | Region A Region B | Region A Region B 
1 0-0.5 132 120 131 200 15.5 + 2.17 23.0 + 1.18 
0.5-1.0 100 98 315 327 35.5 + 1.98 40.0 + 1.56 
0-1 107 101 278 317) | 32.22 + 1.12 | 36.75 + 3.13 
1-2 90 59 372 558 42.72 + 1.37 | 64.47 + 1.42 
2-3 86 50 | 402 | 609 46.25 + 1.44 | 69.37 + 0.82 
3-4 75 43 465 646 53.75 + 1.15 | 75.87 + 0.54 
4-5 59 40 549 662 63.25 + 1.73 | 78.77 + 1.32 
? 
5-6 45 48 638 617 72.50 + 1.05 | 70.00 + 1.08 
6-7 43 52 648 595 72.80 + 0.92 | 68.50 + 2.16 
7-8 41 58 | 658 564 74.50 + 1.38 | 65.00 + 1.45 
8-9 42 66 652 517 73.40 + 2.10 | 59.00 + 2.80 
9-10 45 76 635 457 70.00 + 1.78 | 53.00 + 2.55 
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Figure 2. Graph showing the relation between the number of narrow fibers and succinic 
dehydrogenase activity in the different layers of the pectoralis major muscle of the pigeon. 
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muscle of the pigeon is shown in Table I. The results indicate that there exists a 
relationship between the activity of the enzyme and the number of narrow fibers 
per square mm. in the different layers of the muscle. It was also decided to find 
out the activity of the enzyme in the 0.5-mm. thickness of the most superficial layers 
of A and B where the broad fibers are relatively much more concentrated than in 
the one-mm. thick layer (Table I). 

From the results obtained the regression line is drawn using the equation 


S = 0.3 + .11478 Y, 


where S stands for the succinic dehydrogenase activity and Y for the number of 
narrow fibers in one square mm. area. If the value of Y is zero the value of S 
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Ficure 3. Showing the number of narrow fibers and the corresponding succinic del 





drogenase activity in the different layers of the two regions A and B of the pectoralis major 


muscle of the pigeon 


will be 0.3 vg. of formazan, which is an infinitely small measure of activity. If th 
values obtained for the succinic dehydrogenase activity are plotted against the num 
ber of narrow fibers per square mm. a linear graph illustrating this relationship is 
obtained using the equation of the regression line (Fig. 2). Similarly plotting the 
dehydrogenase activity and the number of narrow fibers in the different layers from 
regions A and B almost a similar pattern is obtained (Fig. 3). In the most 
superficial region, which consists mostly of broad fibers, the succinic dehydrogenase 
activity more or less corresponds to that of the number of narrow fibers. 


DISCUSSION 


From the data presented above it appears that there exists a relationship between 


I 
the number of narrow fibers and succinic dehydrogenase activity in the different 
layers of the pigeon breast muscle. This relationship can be traced to the fact that 
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the activity of the enzyme in the broad fibers is negligible. By substitution of the 
values in the formula mentioned above we obtain 


S = 0.11478 (890.01 — 5.75 X), 


(where S stands for the succinic dehydrogenase activity in wg. of formazan per 
100 mg. of wet weight of the muscle taken from any region parallel to the surface 
of the muscle, per 15 minutes under the conditions of our experiment mentioned 
earlier, and X stands for the average number of broad fibers per square mm. area 
of cross-section of the muscle). In other terms 


S 


(890.01 — 5.75X) 





= z. 


(where K is a constant, the value of which is 0.11478). This indicates that S 
in any particular layer of the pigeon breast muscle is a function of the number of 
narrow fibers. The conclusion that can be drawn from this study is that in the 
pigeon breast muscle the main bulk of the succinic dehydrogenase is confined to 
the narrow fibers and that the broad white fibers possess only a negligible con- 
centration of the enzyme. 

George and Scaria (1958) and George, Susheela and Scaria (1958) studied, 
using histochemical methods, the activity of certain dehydrogenases in the breast 
muscle of the pigeon, fowl and bat and the leg muscle of the fowl and frog, and 
observed that the concentration of these oxidative enzymes has a relationship with 
the color and the mitochondrial content of the individual muscle fibers in the sense 
that the red narrow fibers possess a high concentration of these enzymes and 
mitochondria, in sharp contrast to the broad white fibers. Similar observations 
were made by Nachmias and Padykula (1958) in the skeletal muscle of rat. It 
should be pointed out here that within the limitations of the methods employed in all 
the above mentioned muscles, all the fibers in every muscle, except the broad 
ones of the pigeon breast muscle, dehydrogenase activity was detectable. Never- 
theless the activity was varying in the different muscle fibers according to their 
diameter, highest activity being in the smallest fibers. In the pigeon breast muscle, 
however, where the same histochemical methods were employed the broad white 
fibers did not show the presence of any of the dehydrogenases mentioned earlier 
(George and Scaria 1958). The quantitative data presented in this paper show 
the distribution pattern of the succinic dehydrogenase activity in the different 
layers of the pigeon breast muscle and also that the main bulk of the enzyme is 
confined to the narrow red fibers. 


SUMMARY 


The relative distribution pattern of the narrow red and broad white fibers, and 
the succinic dehydrogenase activity in the different layers of the pigeon breast 
muscle were studied quantitatively. It was found that the activity of this enzyme 
in any particular layer of the muscle is more or less related to the number of the 
narrow red fibers present there since the main bulk of the enzyme resides in these 
fibers, 
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THE EFFECTS OF OXYGEN POISONING ON THE POST- 
EMBRYONIC DEVELOPMENT AND BEHAVIOR OF A 
CHALCID WASP? 


MARY HELEN M. GOLDSMITH? AND HOWARD A. SCHNEIDERMAN 


Department of Zoology, Cornell University, Ithaca, N. Y. 


Aerobic organisms survive only within a narrow range of oxygen tensions. 
In very low oxygen, respiration becomes impossible; in excessively high oxygen 
tensions, oxygen poisoning occurs. This report describes the effect of high pres- 
sures of oxygen on the development and behavior of the chalcid wasp, Mormoniella 
vitripennis. Few higher organisms are as suitable subjects for studies of oxygen 
poisoning as insects. The design of their respiratory and circulatory systems is 
such that insects are less prone to carbon dioxide accumulation and aeroembolism 
(“bends”) than vertebrates. The small size of Mormoniella also tends to minimize 
such complications. Further, Mormoniella is a particularly attractive experimental 
animal because the histological details of its post-embryonic development are well 
know (Tiegs, 1922). 

In preliminary notes (Goldsmith and Schneiderman, 1956, 1958) we reported 
that the sensitivity of Mormoniella to oxygen poisoning changed in a systematic 
way during post-embryonic life. The present paper describes these changes in 
detail and identifies the organ systems which are the main targets of oxygen 
poisoning at successive stages in the life history. 


MATERIALS AND METHODS 
1. Experimental animals 


Mormoniella vitripennis Walker is parasitic on pupae of muscoid flies. Tiegs 
(1922) has described the developmental anatomy of this wasp; Whiting (1955), 
and Schneiderman and Horwitz (1958) have recently reviewed its life-history. 
The adult female pierces the puparium and lays her eggs on the developing fly 
pupa. A few days later the eggs hatch and the larvae begin feeding on the host. 
The cells of a larva grow in size throughout the several instars, but according to 
Tiegs, there appears to be no larval cell proliferation. At 25° C. a larva feeds for 
about four days and molts several times but is unable to defecate. Finally, it 
ceases feeding and enters a resting stage during which the larval tissues begin to 
break down; simultaneously the imaginal discs proliferate. After only a few cell 
divisions the thin partition between the midgut and the invaginated rectum breaks 
down, defecation occurs, and the greyish larva becomes white. During the 24 
hours immediately before and after defecation, the so-called prepupal period, the 


' This investigation was supported by a research grant (H-1887) from the National 
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larval cells break down and the cell divisions necessary for the formation of the 
adult integument, appendages, nervous system, and certain muscles occur. Except 
for the thoracic and abdominal muscles, whose myoblasts continue dividing for 
about 15 hours after pupation, adult development is a period of refinement, molding, 
and differentiation of tissues and organs into the final imaginal form. 

A time-table, descriptive of the development from egg to adult, is given in 
Figure 1. Following Snodgrass (1935) and Hinton (1946, 1948, 1958), an 
instar is considered ended when the epidermis retracts from the cuticle. In 
Mormoniella, hours or days may intervene between the time of detachment and 
the actual ecdysis, which unveils the new instar. Thus the pupal stage actually 
begins just prior to defecation when the cuticle of the last instar larva separates 
from the epidermis (evidenced externally by wrinkles). The pupa itself is not 
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Figure 1. Time-table for the development of Mormoniella. The approximate times at 
which the cuticle detaches from the epidermis (signaling the end of an instar) are indicated by 
stippling. 


revealed until the cuticle of the last larval instar is shed, an event occurring 24 to 
48 hours later. The so-called prepupa is simply the pupa enclosed within the last 
larval cuticle. Likewise, the pupal stage ends with the detachment and retraction 
of the pupal cuticle, although the adult does not emerge for 4 or 5 days. During 
this period the wasp, which is properly called a developing adult, is enclosed in two 
cuticles—an inner adult cuticle and an outer detached pupal cuticle, which is shed 
at eclosion. The exact time at which epidermis retracts from the pupal cuticle, 
marking the end of the pupal period, has not been definitely determined for 
Mormoniella. Our observations agree with those of Tiegs in suggesting that 
this occurs within 24 hours after shedding the final larval cuticle. 

Under certain conditions, just prior to entering the resting stage the larva 
ceases development and enters diapause (Schneiderman, 1957; Schneiderman and 
Horwitz, 1958). At room temperature diapause persists for a year or more 
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until the animal dies. If the diapausing larva is chilled at 5° C. for 3 months or 
longer, diapause ends and development resumes after return to 25° or 30° C. 
Chilled diapausing larvae may be stored in the cold for a year or more and 
provide a convenient source of experimental animals. 

Mormoniella were reared at 30° C. on puparia of the fly Sarcophaga bullata. 
Since the wasp’s development is accompanied by changes in epidermal pigmentation 
which are readily seen through its transparent pupal cuticle (Fig. 1), it was easy 
to select animals at specific stages of development and to observe the progress of 
development after experimental treatment. To assure that all insects used in a 
single experiment were of the same age and were developing at the same rate, 
only developing adults that reached a specified developmental stage within six 
hours of each other were used in experiments. Unfortunately larval develop- 
ment, unlike adult development, is not marked by gross external changes. Diapause, 
however, always occurs at the end of larval life; consequently, all diapausing larvae 
are at precisely the same stage of development. In the experiments to be de- 
scribed, larvae which had entered diapause were collected and stored at 5° C, 
for + to 8 months before use. These larvae initiated pupal development within 
24 hours after return to 30° C. For the present investigation, animals at five 
stages of development were used: (1) chilled diapausing larvae (equilibrated at 
30° C. for one hour); (2) early prepupae (chilled diapausing larvae placed at 
30° C. for 24 hours prior to the experiment and thus just beginning pupal de- 
velopment) ; (3) “pink stage” developing adults (24 hours after ecdysis from the 
final larval cuticle); (4) “black stage” developing adults (12 to 24 hours prior 
to adult emergence) ; and (5) adults (males and females). In each experiment 
groups of about ten animals were placed in one-dram shell vials loosely plugged 
with cotton. Several vials were compressed in each pressure chamber. After 
exposure and decompression the vials were removed from the chambers and placed 
at 30° C., where the progress of development was observed periodically until the 
adults emerged or the insects died. 

In every experiment, 25 to 50 insects were kept in air at atmospheric pressure 
during the experimental period. These air controls indicated the normal rate 
of development and percentage of adult emergence for a given population. The 
adult emergence of these control insects varied between 75 and 100 per cent. 
Therefore, following an experimental treatment only consistent reductions of 
50 per cent or more in adult emergence were considered different from the control 
values. To permit a comparison of the effects of different experimental conditions, 
a number of groups of insects at the same stage of development were selected 
from the same population, and each group exposed simultaneously in separate 
chambers to specific experimental conditions. The data from each group were 
compared with those of other groups in the same experiment. Each experiment 
was repeated one to several times. The data presented in this paper are repre- 
sentative of that amassed from almost 10,000 animals studied in a total of about 
350 separate compressions (Goldsmith, 1955). 


2. Compression and decompression 


Commercial cylinders of compressed oxygen, nitrogen, and helium (Airco or 
Matheson) were used. All gases contained less than 0.5 per cent impurities 





272 MARY HELEN M. GOLDSMITH AND HOWARD A. SCHNEIDERMAN 


(Schneiderman et al., 1953). The vials of wasps were sealed in transparent 
polymethylmethacrylate (Lucite) chambers fitted with brass end-plates and needle 
valves (Schneiderman and Feder, 1954) and compressed with a specific gas. In 
all cases the gases were superimposed on the atmosphere of air initially in the 
chamber. Throughout this paper all pressures are given as gauge pressure. The 
final pressure in each chamber was checked on the same gauge, both after com- 
pression and before decompression, and the insects from any chamber showing 
greater than + 5 per cent variation in pressure during the experimental period 
were discarded. The sensitivity of the gauges at the pressures employed was about 

3 per cent. 

Compression was accomplished in one minute, whereas decompression was 
performed stepwise over a period of five minutes. The pressure was reduced to 
half in the first minute of decompression and then held constant during the second 
minute. In the third minute, the pressure was gradually reduced to one fourth and 
then again held constant during the fourth minute. During the final minute, the 
pressure was gradually reduced to atmospheric. 

The chambers were kept at a specific temperature in a thermoregulated water 
bath. Most experiments were conducted at 30+ 1° C. and positive pressures 
(gauge) of 5 atmospheres (atms.) oxygen. Under these conditions, adult wasps 
survived for 1 or 2 hours. Hence, the time required for compression and 
decompression occupied only a small fraction of the total exposure time. 


RESULTS 
1. The effect of pressure on Mormoniella 


In each experiment, wasps at various stages of development were exposed to 
positive pressures of nitrogen or helium to determine if elevated pressures of 
metabolically inert gases had any toxic effects. As Table I shows, prolonged 
exposure for 16 hours to 5 atms. of helium had, at most, a slight effect on survival 
and development of any stage of the life cycle. Since 5 atms. of helium did not 
impair the development of Mormoniella, we may conclude that this pressure per se 
does not adversely affect Mormoniella. By comparison with either helium or 
nitrogen * the toxicity of 5 atms. oxygen is striking. For example, in experiment 
No. 104, 78 per cent of the control chilled diapausing larvae ultimately emerged 
as adults. After 16 hours of exposure to 5 atms. helium, a somewhat smaller 
percentage emerged (70 per cent). but after the same exposure to oxygen only 
13 per cent emerged. 


2. The effects of compression and decompression on Mormoniella 


As Paul Bert (1878) first pointed out, the adverse effects of rapid decompres- 
sion on vertebrates result in large measure from nitrogen being released from the 
tissues too fast to be dissolved. Since Mormoniella is small in size and possesses 
a tracheal system, rapid decompression might affect this insect differently from a 
vertebrate. To test this, a total of 1,440 chilled diapausing larvae, early prepupae. 

The survival and development of insects exposed to 5 atms. nitrogen was somewhat mort 


variable than that of insects subjected to helium, an effect which can be attributed to nitrogen 
narcosis (Frankel and Schneiderman, 1958). 
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TABLE [ 


Effect of exposing Mormoniella at specific stages of development to 5 atms. of He or Oz 
at 30° C. for various periods 


Expt. No 104* 109* 114** 115** 


Stage of devel 
Duration of Chilled diapausing 
exposure (hrs.) larvae Early prepupae “Pink stage”’ “Black stage’ 


\ir (controls at atm. 


pressure) 78 90 96 100 
He 2 88 86 
+ 94 85 
8 64 94 
16 70 82 100 
24 56 | 88 
32 84 100 
64 60 78 80 92 
O» 1 72 51 
2 73 55 88 96 
4 70 54 80 94 
8 63 65 40 0 
16 13 20 0 
24 0 
64 0 


* About 50 individuals used in each exposure. 
** About 25 individuals used in each exposure. 


“pink” and “black stage’ developing adults were compressed with 10 atms. nitrogen 
and then decompressed. The following procedures were used to study the effects 
of rapid compression or decompression : 


Group I: Controls—maintained at atmospheric pressure. 
Group II: Thirty seconds for compression and thirty seconds for decom- 
pression. 


Group III: Thirty seconds for compression and five minutes for decompression 
following the regimen outlined in the section on Methods. 
Group IV: Five minutes for compression and five minutes for decompression. 


In each group, two tanks were compressed and ten minutes elapsed between 
compression and decompression. Regardless of the regimen, wasps exposed after 
the start of the prepupal period invariably emerged as normal adults in about the 
same time as air controls. By contrast, chilled diapausing larvae proved exceedingly 
sensitive to compression. Though 85 per cent of air controls in this experiment 
completed adult development, fewer than 40 per cent of the chilled diapausing 
larvae emerged as adults when subjected to any of the above procedures. Be- 
cause of the unusual sensitivity of this stage to compression and decompression, 
only one successful experiment was conducted with some 750 chilled diapausing 
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raBLe Il 


Effect of exposing Mormoniella prepupae to O» at 30° C. for various periods 
Expt. No 49* (10 atms 115** (5 atms.) 116** (5 atms.) 
KF ccna Per cent emerging as adults 


\ir (control at atm. 


pressure ) 85 85 82 
O» } 90 
15 
1 59 

2 50 $4 

$ 35 +0 44 

8 46 40 

16 0 t 11 

32 0 


* Each figure is based on about 20 individuals. 


** Each figure is based on about 25 individuals. 
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Figure 2. The sensitivity of different developmental stages of Mormoniella to 5 atms. 


Os at 30° C. The maximum exposure that had no effect on adult emergence is plotted as a 
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larvae (Exp. 104, Table 1). In this experiment, for reasons which are not clear, 
the controls exposed to 5 atmospheres helium showed no evidence of an adverse 
effect of pressure or decompression and compression. 


3. Sensitivity of different developmental stages to oxygen poisoning 


We have established that, excepting chilled diapausing larvae, pressure as such, 
as well as compression and decompression, has only minor effects on the develop- 
ment of Mormoniella, and can now consider oxygen poisoning itself. In the first 
series of experiments we examined the effects of five atmospheres of oxygen on 
various developmental stages. The toxic effects of oxygen were appraised in 
terms of: (a) the rate of development of the wasps, (b) the percentage reaching 
maturity and emerging, and (c) the duration of exposure necessary to halt all 
development completely. Tables I and II give the effects of exposure to oxygen 
at several developmental stages on the ultimate emergence of the adults. Figure 3 
and Table II record the final stage of development reached by wasps exposed to 
oxygen at a specific developmental stage. 

To measure the inhibition of adult emergence, we determined for each de- 
velopmental stage the maximal exposure time that had no effect on emergence. It 
is clear that this insect’s sensitivity to oxygen changes markedly during development 
(Fig. 2). Chilled diapausing larvae and “pink stage’’ wasps were the least 
sensitive and tolerated more than 8 hours of oxygen. Early prepupae were many 
times more sensitive and could barely withstand one hour of oxygen. Thus, 
during the 24-hour period in which the chilled diapausing larva transformed into 
an early prepupa, sensitivity to oxygen increased many-fold. Likewise, after the 
“pink stage,” sensitivity progressively increased during adult development, reaching 
its maximum in the adult. wasp which could tolerate only one-sixth the exposure 
of a “pink stage” wasp. 


4. Oxygen poisoning in chilled diapausing larvae and early prepupae 


The above experiments disclosed that chilled diapausing larvae were far less 
sensitive to oxygen than early prepupae. To reduce adult emergence of chilled 
diapausing larvae by 50 per cent, an exposure to oxygen for 8 to 16 hours was 
required; for early prepupae, however, an exposure of less than one hour at 5 
atms. must have been sufficient (Table 1). Since at 10 atms. an exposure of 
20 minutes had no effect on the subsequent emergence of prepupae (Table [T, 
Experiment 49), it may be inferred that at 5 atmospheres of oxygen an exposure 
between 20 minutes and one hour would be required to reduce emergence by half. 

Curiously, exposing early prepupae to 5 atms. oxygen for 2, 4 and even 8 hours 
had no greater effect on the subsequent emergence of adults than did one hour of 
exposure (Table I). Thus, although the early prepupa was the most sensitive 
developmental stage studied, this sensitivity was manifest in only half the popula- 
tion. The other half showed a sensitivity comparable to chilled larvae. These 
results were confirmed in numerous experiments with early prepupae (for example, 
Table II, Exp. 115 and 116). The explanation of this phenomenon is not clear ; 
there is no marked difference in sensitivity of males and females, nor does this 
result stem from effects of compression or decompression. A likely explanation 
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is that the resistant members of the population were slower in initiating pupal 
development and at the time of exposure to oxygen were still in a stage comparable 
to the insensitive chilled diapausing larva. 

Eight hours’ exposure to oxygen caused a retardation in the rate of development 
of both chilled diapausing larvae and early prepupae; both lagged behind the con- 
trols by 1 or 2 days. Though adult emergence was reduced, prolonged exposure 
to oxygen failed to cause an arrest in development comparable to diapause. In 
fact chilled diapausing larvae and early prepupae defecated, and many continued to 
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STAGE AT WHICH DEVELOPMENT CEASED AFTER EXPOSURE TO OXYGEN 


Ficure 3. The stage of development attained by early prepuae following exposure to 
5 atms. oxygen at 30° C. About 50 early prepupae were subjected to each exposure. The 
duration of exposure is indicated above each bar. Wasps which completed the larval-pupal 
transformation after exposure to oxygen also successfully completed development and emergence, 
and almost none of them ceased to develop at stages intermediate between emergence and the 
larval-pupal transformation. A similar result was also obtained in the experiment with 
chilled diapausing larvae. For early prepupae, the effect of exposures between 1 and 8 hours 
duration was not significantly different from an 8-hour exposure. 


develop after exposure which markedly reduced adult emergence. As exposure 
times were increased to 16 hours, fewer animals developed beyond defecation; an 
exposure somewhere between 16 and 32 hours prevented all further development 
(Fig. 3). Examination showed that those animals that failed to emerge as adults 
ceased developing before or soon after defecation. Thus treating larvae and 
prepupae with oxygen blocked the developmental changes which immediately 
precede the transformation from larvae to pupae; animals that successfully pupated 
almost invariably completed adult development and emerged (Fig. 3). 
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5. The effects of oxygen on “pink stage” developing adults 


Approximately 80 per cent of the wasps exposed in the “pink stage” to 5 atms. 
oxygen for 8 to 16 hours appeared to complete adult development (i.¢., reached the 
“black stage”) (Table III). At these doses then, increasing the length of exposure 
to oxygen had no effect on the normal differentiation and pigmentation of the 
epidermis and appendages. That the longer exposures in this range were toxic, 
however, was revealed by a decrease in the ability of the adults to complete 
emergence. Thus after exposures in the “pink stage” for up to approximately 
12 hours, most of the resulting “black stage” wasps emerged; however, after 14 to 
16 hours only a fraction of these “black stage” wasps escaped completely from their 
pupal cuticles (Table III). This is in striking contrast to results obtained with 


rasBLe III 
Development of “ pink stage’’ wasps after exposure to 5 atms. of Oz at 30° C. 
Per cent of wasps exposed* 


; Exposure Ceasing development at 
Expt. No hrs.) Completing 
— ace Completing 
Pink Seace Intermediate stages (between development** emergence 
a “Pink” and “Black Stage’’) 
300* 8 15 4 81 77 
300 10 14 0 86 65 
300 12 19 0 81 19 
302* 12 Not determined Not determined 80 60 
3017 14 Not determined Not determined 85 23 
302 14 Not determined Not determined 82 23 
300 16 45 38 17 0 
301 16 Not determined Not determined 73 7 
302 16 Not determined Not determined 79 13 
114 24 100 0 0 0 


* About 30 individuals used in each exposure in experiment 300; about 25 individuals used 
in each exposure in experiment 301 and 302. 
** “Black stage,’’ partially emerged adults, and adults. 


chilled diapausing larvae and prepupae where most animals that failed to emerge 
also failed to complete adult development (Fig. 3). Exposing “pink stage” 
wasps to oxygen for longer than 16 hours commonly prevented further develop- 
ment, and the animals remained in the “pink stage” until death (Table III). 

The results obtained with the “pink stage’ wasps suggest that although ex- 
posures up to about 16 hours of oxygen fail to inhibit epidermal differentiation 
during adult development, some internal system necessary for ecdysis is damaged. 
Since proper functioning of muscles and nerves is necessary for emergence, and 
since the development of the muscular system can be easily observed, the effects of 
oxygen on this system were studied. This proved a fortunate choice. 
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To study the extent of muscle development, wasps that completed adult de 
velopment were immersed in Zenker’s fixing solution. After 24 hours, the animals 
were dissected and their thoracic muscles examined. In normal “black stage” 
wasps and in adults, the thoracic muscles are grouped in 5 longitudinal and 5 
dorsosternal pairs. These thick white bands almost fill the thorax and are the 
most prominent tissue in this part of the animal. Oxygen had a striking effect 
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percentage which develop normal thoracic muscles. In two experiments (Nos. 301 and 302: 
see also Table III), “pink stage” wasps of uniform age were exposed to oxygen (5 atms. at 
30° C.) for periods that allowed most of them to differentiate to the “black stage.” The 
duration of exposure indicated in the figure varied from a period so brief that almost all 
adults emerged, to a period so long that no adults emerged. After exposure, the “pink stage” 
insects were divided into two groups; in one group, the emergence of wasps was observed 
while in the other group each animal that completed adult development was dissected and its 
thoracic musculature examined. About 110 insects were dissected. 


on the development of these muscles. In “black stage” wasps unable to emerge 
because of oxygen poisoning in the “pink stage,” the thoracic musculature ranged 
from thin strands of differentiated muscle to a yellowish, jelly-like mass with no 
distinguishable strands of muscle. The amount of differentiated muscle present 
was easily recorded as none, small, moderate, or normal. 

In the two experiments recorded in Figure 4, it is clear that as oxygen exposure 
increased from 12 to 16 hours, the decrease in number of adults able to emerge was 
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paralleled by a decrease in the number of adults that had normal muscles. As 
previously mentioned, the percentage of animals that completed external adult 
development after 12, 14, and 16 hours of oxygen was the same (Table III) 
whereas the percentage of animals that emerged decreased steadily between 12 
and 16 hours of oxygen exposure (Fig. 4). After 12 hours of exposure, all of the 
wasps developed at least a few strands of thoracic muscles. After 16 hours of 
exposure, however, only 55 per cent of the wasps had any detectable strands (of 
muscle), and the remainder had only a jelly-like mass in place of the thoracic 
muscles. Thus, with longer exposures, not only did fewer wasps develop normal 
thoracic muscles, but the amount of muscle development occurring in animals that 
failed to emerge also decreased. In our opinion, inability of the oxygen-treated 
“pink stage” wasps to emerge can be adequately accounted for by the observation 
that oxygen impaired the development of adult muscles. 


6. The effects of oxygen on “black stage” developing adults 


In most experiments, 2 to 4 hours’ exposure to 5 atms. of oxygen at 30° C. 


caused a detectable decline in the emergence of insects exposed during the “black 
stage.” Several lines of evidence indicate that these wasps were not dead but 
paralyzed: (a) 24 to 48 hours after exposure of less than 8 hours duration, at the 
time when they normally emerged as adults, many of the animals moved their 
appendages weakly; (b) after exposures longer than 8 hours, no movement was 
observed, but the molting fluid was partially resorbed; {c) animals exposed as 
long as 8 hours retained a healthy, shiny, black appearance for at least five days, 
whereas animals killed by ether or alcohol fumes soon became dry, shriveled and 
dull in appearance. To show that the immobile wasps were still alive, the respira- 
tory rate of several groups of animals was measured before, immediately after, and 
at intervals of 24 hours following exposure to five atms. of oxygen at 30° C. for 
various periods. All groups were the same age when oxygen uptake was measured. 
Since there was no way of knowing how many of the animals in each group were 
dead or dying as a result of treatment with oxygen, the data summarized in 
Figure 5 refer to the average oxygen uptake of a group and may not accurately 
mirror the respiratory behavior of any individual. 

The oxygen uptake of the controls was recorded until the adults began to 
emerge. As seen in Figure 5, the oxygen consumption of the air controls rose 
sharply on the day of emergence. In the group exposed to oxygen for 4 hours, 
respiration dropped slightly immediately after treatment, but by the next day had 
risen to the level of the control. Although adults began to emerge during the 
next 24-hour period, fewer than 10 per cent completed emergence. ‘Thus, al- 
though respiration returned to normal levels, the paralytic symptoms of oxygen 
poisoning remained. Immediately after 5 hours of exposure, oxygen consumption 
was only slightly less than after 4+ hours of exposure. The initial effects of 8 hours 
of exposure were more dramatic, and respiration almost ceased. However, 24 
hours after exposure to oxygen for 5 or 8 hours, respiration had noticeably in- 
creased. This increase in oxygen uptake continued until the second day after 
exposure. In the case of 5 hours of exposure to oxygen, respiration returned to 
the pre-treatment level, and yet none of the insects ever emerged. After the 
second day, respiration gradually declined, probably signifying that the insects 
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Figure 5. The effect of 5 atms. Oz at 30° C. on the respiration of “black stage’ wasps 
Groups of 50 wasps were enclosed in perforated gelatin capsules and placed in 20-ml. Warburg 
vessels, the center wells of which contained 2% KOH. Oxygen uptake was measured im- 
mediately before and after exposure of wasps to 0, 4, 5, and 8 hours of Ov. Following this 
the respiration was measured daily until adults began emerging or until the gradual decline 
in respiration indicated that poisoned animals were dying. 


were dying. Similar results were obtained in each of four separate experiments 
involving a total of 1100 “black stage” animals. That animals subjected to a 
short treatment regained a respiration comparable to controls but still failed to 
emerge, suggests that the system poisoned by threshold oxygen exposure accounts 
for only a small fraction of the total respiration of the insect. 


7. Oxygen poisoning of adults 


About 600 adult wasps of known ages were compressed with oxygen to various 
pressures at 30° C. Males and females alike exhibited successive stages of 
oxygen poisoning similar to those described by Williams and Beecher (1944) for 
Drosophila: 


1. motor activity increased and then gradually declined ; 
walking ceased but a standing position was maintained ; 
the ability to right and to stand disappeared ; 

all spontaneous movements ceased ; 

reflex excitability disappeared. 


un & Ww ho 
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Since it was difficult to determine the difference between “slight” movement and 
“no”? movement, the time required for loss of the righting reflex was chosen as a 
convenient measure of oxygen poisoning. Ina group of ten adults, the last insect 
to lose its righting reflex usually did so no more than 5 minutes after the first 
animal had lost its reflex. Hence it made no appreciable difference in the results 
whether we measured the exposure time which caused loss of righting reflex in 
50 per cent or 100 per cent of the animals. 

Figure 6 plots the time for loss of righting reflex as a function of oxygen 
pressure. In 10 atms. oxygen, adult Mormoniella lost their righting reflex after 
about one-half hour. Poisoning was 8 times faster at 10 atms. than at 3.3 atms. 
Even at 1.6 atms., the lowest oxygen pressure used in any experiment, poisoning 
occurred. The relation between pressure and duration of exposure for loss of 
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Figure 6. Time for loss of righting reflex (R.R.) in 100 per cent of 1- to 2-day-old 
adult wasps as a function of oxygen tension at 30° C. Twenty adults were exposed at each 
oxygen tension. 


righting reflex appears to be logarithmic, similar to findings of Williams and 
Seecher (1944) on Drosophila. 

30th temperature and age affected the sensitivity of adults to oxygen (Fig. 7). 
Thus the time required for poisoning decreased at higher temperatures; at 10 atms. 
and 20° C. adults lost their righting reflex in about 60 minutes, whereas at 10 
atms. and 30° C. they lost their righting reflex in 20 to 30 minutes. Furthermore, 
old animals were more sensitive than young ones. Thus 0- to 1-day-old wasps 
lost their righting reflex in approximately 60 minutes, 1- to 2-day-old wasps in 
about 40 minutes, and 4- to 5-day-old wasps in about 30 minutes (cf. Williams 
and Beecher, 1944). 

Adults removed from oxygen promptly after the loss of righting reflexes 
generally recovered completely within 24 hours. But animals kept in oxygen for 
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Ficure 7. Time for loss of righting reflex (R.R.) at 10 atms. Oz and at two temperatures 
is a function of age of the adult wasp. Poisoning is more than twice as rapid at 30° C. as 
at 20° ¢ At least 50 adults of each age were used at 20° C.; 30 adults of each age were 
used at 30° C, 


as little as 10 minutes after the righting reflex was lost usually recovered only 
partially and failed to regain normal coordination and motor ability. 


DISCUSSION 
1. The sites of oxygen poisoning in Mormoniella 
A. Developmental processes involved 


The present experiments reveal that oxygen can have a variety of toxic effects 
on Mormoniella: it can prevent pupation, it can prevent imaginal muscle develop- 
ment, it can paralyze adults. These different effects on various stages of the life 
cycle can be understood best by considering the processes occurring at each de- 
velopmental stage which are likely to be affected by oxygen. We know from 
ligature experiments on chilled diapausing larvae that at this stage the neuro- 
secretory cells of the insect’s brain have not secreted brain hormone and initiated 
the events leading to pupal development (Malamud, 1958). Thus, for the first 
few hours after their return to room temperatures, chilled larvae are engaged in 
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minimal developmental activity, a quiescence which sharply contrasts with the 
larval-pupal transformation occurring 24 hours later. During the prepupal period 
the cells of the integumentary imaginal discs divide and spread rapidly, and the 
discs of the legs, wings and antennae grow out of their sacs. This activity is 
followed by defecation, whereupon the appendages evert, and a distinct head, 
thorax and abdomen become visible. Shortly thereafter the last larval cuticle is 
shed and the antennae, legs and mouth parts promptly attain their full length and 
adult aspect. During adult development itself the epidermis produces a new 
cuticle, with ridges, grooves and bristles, which gradually becomes pigmented. 

It is noteworthy that as far as external features are concerned, the most marked 
transformation occurs in the prepupa, not in the developing adult. Furthermore, 
the prepupal and very early pupal stages are the periods of greatest development 
of the muscular and nervous systems and of the proliferation of the imaginal discs. 
Thus, most of the migration and fusion of ganglia in the nerve cord and brain 
which occurs in the formation of the adult nervous system is completed after the 
last larval molt and before the “pink stage.” Likewise, during the prepupal and 
early pupal stages, myoblast divisions are completed in the thorax, and presumptive 
muscle cells begin to fuse. This leads to the appearance, just prior to the “pink 
stage,” of five, thin, syncytial dorsosternal columns of undifferentiated muscle. 
During the “pink stage” these syncytial columns continue to increase in size, and 
the cells involved in their insertions differentiate. According to Tiegs (1922), 
the development of the adult abdominal and leg muscles is similar. Obviously, 
the normal differentiation of the nervous and muscular systems is necessary if the 
adult is to emerge 


B. Effects on larvae and prepupae 


In terms of these developmental processes, it appears that the major differenc« 
between the oxygen-sensitive early prepupa and the oxygen-insensitive chilled 
diapausing larva and “pink stage” (Fig. 2) is the intense proliferation of imaginal 
discs in the prepupa. In the chilled diapausing larva, this process has not yet 
begun, and imaginal cells are comparatively inactive; in the “pink stage,” prolifera- 
tion has already been accomplished. Animals with actively dividing cells appear 
more sensitive to oxygen poisoning than animals in which the division of the 
imaginal cells has not begun or has just been completed. 


C. Effects on “pink stage” wasps 


The major morphogenetic processes during adult development that determine 
the ability of the adult to emerge are the differentiation of the muscular and 
nervous systems. Preventing the differentiation of either muscle or nerve or 
damaging these systems after differentiation would prevent emergence. The 
present experiments reveal that oxygen poisoning in the “pink stage” interrupts 
muscle differentiation and so prevents adult emergence. 

The failure of muscle development in “pink stage” wasps exposed to oxygen 
could be the result of direct damage to the developing muscles. However, it is 
worth recalling that several investigators have reported that adult muscle develop- 
ment in Lepidoptera is prevented by removal of the pupal nervous system, al- 
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though development into an otherwise normal adult proceeds (Nuesch, 1952; 
Williams and Schneiderman, 1952). These observations confirm the original 
finding of Kopecé (1923) that deganglionation of thoraces of Lymantria dispar 
prepupae prevented the development of thoracic muscles. Kopec¢ also found that 
adult development of the integument, as well as the external adult appearance of 
wings and legs, was not affected by deganglionation. From these results, one 
might anticipate that if oxygen poisoning severely damaged the nervous system of 
the ‘pink stage” Mormoniella, muscle differentiation would cease. Whether the 
failure of muscle differentiation after oxygen poisoning is caused by a direct action 
on the muscle itself or by an indirect inhibition that disrupts the trophic role of the 
nervous system remains to be decided. 


D. Paralytic effects on “black stage” developing adults and adults 


During adult development the neuromuscular system appears to become more 
sensitive to oxygen poisoning than in the young “pink stage.” Thus, when de- 
velopment was allowed to proceed beyond the “pink stage” before oxygen was 
applied, oxygen sensitivity progressively increased until the “black stage,” where 
even brief exposures prevented emergence. It is of special interest that although 
these “black stage” wasps were unable to emerge, their respiration recovered and 
was comparable to the controls. The animals were apparently paralyzed and 
unable to escape from their pupal cuticles. The observation that this paralysis 
had no effect on the insect’s respiration suggests that either (a) the system first 
affected by oxygen is responsible for only a small fraction of the total respiration 
of the animal, or, alternatively, that (b) the respiratory activity of the affected 
system was not severely damaged. (For interpretation of similar effects in 
vertebrates see Stadie and Haugaard, 1946.) After exposures to oxygen for 8 
hours, the respiration of “black stage’’ wasps immediately declined, never to return 
to normal. This permanent decrease in oxygen uptake, evoked by prolonged 
exposure to oxygen, suggests that the systems of cellular respiration suffered 
irreparable damage. The inhibition by oxygen poisoning of the respiration of 
developing insects has also been reported by Clark and his colleagues (Clark and 
Papa, 1958; and Clark, Harwitz and Rubin, 1958). These workers examined 
the effects of one minute of exposure to two atmospheres of oxygen on the 
respiration of the braconid wasp Habrobracon. Not unexpectedly, this brief 
oxygen exposure had no effect on “pigmented Habrobracon pupae,” which cor- 
respond to the “black stage” Mormoniella. However, in stages whose subsequent 
development was adversely affected by these brief oxygen exposures, respiration 
was immediately inhibited. Clark and his colleagues do not report a recovery of 
respiration such as we found. 

The adult Mormoniella was paralyzed by oxygen in much the same way as 
the “black stage” wasp. The experiments revealed that increasing exposure to 
oxygen caused an increasing loss of motor activity and coordination. Here again, 
either the nervous or muscular systems might be the site of oxygen damage. 

It seems more likely to us that oxygen acts on the nervous system rather than 
directly on the muscle. Such a view is consistent with the fact that in oxygen 
poisoning of vertebrates, when pulmonary damage is avoided, the nervous system 
is the system first affected and most sensitive to oxygen. Further support for this 
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opinion stems from the findings, already discussed, that oxygen poisoning of 
“pink stage’ wasps has the same effect on muscle development as deganglionation. 


2. Differences in the sensitivity of various organ systems during development 


From the foregoing analysis it seems likely that the differences in sensitivity 
of chilled diapausing larvae, early prepupae, and “pink stage’ developing adults 
(Fig. 2) reflect an increased sensitivity of dividing cells to oxygen. It also seems 
probable that the gradual increase in sensitivity to oxygen which begins during 
adult development and continues uninterrupted during adult life reflects an in- 
creasing sensitivity of the nervous system to oxygen poisoning. It is interesting 
to speculate that impulse conduction and transmission are the functions disrupted 
by threshold oxygen poisoning of “black stage” and adult wasps, while the trophic 
influence of nerve on muscle is the function impaired in early stages of adult 
development. 

It is noteworthy that exposure to oxygen of “pink stage’’ wasps may inhibit 
muscle development, and yet have no effect on the further differentiation of the 
integument and appendages. This indicates that in the “pink stage” the integu- 
ment is not as sensitive to oxygen poisoning as is muscle. However, it is im- 
portant to emphasize that there are times in development when the epidermal 
differentiation is sensitive to oxygen poisoning. Thus, when early prepupae were 
exposed to oxygen, many animals failed to develop beyond defecation. This was 
also true of the less sensitive, chilled diapausing larvae. The larval cuticle was not 
shed, and the appendages, head, thorax, and abdomen of the adult insect failed to 
form. We can scarcely attribute the lack of development at this stage to myoblast 
or nerve cell damage. Failure to develop in the chilled larva and prepupa ap- 
parently reflects a failure to the epidermal imaginal discs to fulfill their role. 

Differences in the oxygen sensitivity of the various developmental stages of 
insects have also been reported by Clark and his co-workers (Clark and Herr, 
1954). In Habrobracon they report that emergence of older prepupae and white 
pupae was reduced by exposure to one atmosphere of oxygen for one hour at 
30° C. This same exposure had no effect on younger larvae-in-cocoons and little 
or no effect on developing adults. Recently, Clark and Papa (1958) have made 
the remarkable discovery that exposure to two atmospheres of oxygen for five 
seconds arrested development of 100 per cent of white pupae of Habrobracon! 
From their results it appears that this stage is exceedingly sensitive to oxygen 
poisoning. In our experiments, higher pressures and much longer exposures 
(10 atms. for 40 minutes, Table II) were required to inhibit adult development 
and emergence of Mormoniella exposed as early prepupae. (In our experience, 
the early prepupa is the stage most sensitive to oxygen poisoning.) Although we 
have not studied the effects of oxygen on Mormoniella immediately after the last 
larval molt, the stage which corresponds to Clark’s white pupae, it seems most 
likely that Habrobracon and Mormoniella differ considerably in their absolute 
sensitivity to oxygen poisoning. 

In their studies of oxygen poisoning during adult development, Clark and his 
co-workers did not report a rise in sensitivity during adult development (as 
reflected in the failure of adults ultimately to emerge), as was found in the case 
of Mormoniella. This is not unexpected, since the exposures they employed were 
much lower than the ones used in the present experiments. 
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3. A comparison of the sensitivity to oxygen poisoning and x-irradiation 


Gerschman et a/. (1954) suggest that x-irradiation and oxygen poisoning have 
a common mode of action, both agents causing the formation within cells of large 
amounts of peroxide and free oxidizing radicals such as OH and OH,. They 
support this view with the finding that exposure to high pressures of oxygen after 
x-irradiation acts synergistically with x-irradiation in decreasing the survival of 
mice, and that reagents which protect organisms from radiation damage also 
protect mice from lethal effects of oxygen. The argument gains further support 
from the fact that oxygen can mimic many of the effects of x-rays, e.g. chromosome 
breakage (Conger and Fairchild, 1952). During the development of Mormoniella, 
however, the sensitivity to x-irradiation (Kuten, 1955; Schneiderman ef al., 1956, 
1957) does not parallel the sensitivity to oxygen. Although the effects of oxygen 
poisoning and x-irradiation on Mormonielia are strikingly similar during the late 
larval and pupal stages, during adult development sensitivity to oxygen gradually 
increases while sensitivity to x-irradiation steadily decreases. In “pink stage” 
wasps, 4000 r reduced adult emergence by half; in the “black stage” doses as high 


as 64,000 r failed to inhibit emergence at all (Schneiderman et al., 1956). Simi- 
larly, Clark and Mitchell (1951) showed that resistance of Habrobracon to 
x-irradiation increases during adult development. Apparently during adult de- 


velopment systems involved in emergence of the adult wasp become increasingly 
resistant to x-irradiation while becoming more sensitive to oxygen poisoning. 
Thus, although x-irradiation and oxygen poisoning may have a similar mode of 
action on dividing and undifferentiated cells, oxygen has a specific effect on the 
adult which is not produced by x-irradiation. If oxygen poisoning, like x-irradia- 
tion, leads to the formation of free radicals, it is not clear why oxygen has such a 
toxic effect on adults, while x-irradiation does not 

The type of analysis employed in the present study permits us to define the 
systems which are the target of oxygen and to recognize that the sensitivity of a 
developing system can change during its differentiation. Thus although gaps 
exist in our understanding of the biochemistry of oxygen toxicity, oxygen offers 
itself as a useful tool to the experimental morphologist (cf. Nelsen, 1950; Malamed, 


1 


1958). Moreover, for the student of insect growth, the fact that oxygen poisoning 
appears to provoke many of the same developmental consequences as degangliona- 
tion suggests new approaches to investigations of the trophic function of nerve. 

We wish to thank Professor Carroll M. Williams for his most helpful comments 
on the manuscript, and Dr. Timothy H. Goldsmith for his interest in discussing 
many aspects of this work and care in reading the manuscript. Dr. Williams 
kindly provided equipment and space for the experiments on muscle development 
in “pink stage”’ wasps. 

SUMMARY 

1. Experiments were conducted to determine the effects of high pressures of 
oxygen on the development and behavior of an insect, the chalcid wasp, Mor- 
montiella vitripennis 
2. More than 10,000 wasps in five different stages of post embryonic develop- 


ment were compressed with 5 and 10 atmospheres of oxygen, nitrogen, or helium. 
Rapid compression and decompression were detrimental to chilled diapausing 
larvae but not to other stages. Although the high pressures of helium or nitrogen 
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had no, or only slight, adverse effect, high pressures of oxygen were exceedingly 
toxic at certain stages of development. 

3. The chilled diapausing larva was but slightly sensitive; about 12 hours at 
5 atmospheres oxygen was required to reduce adult emergence by 50 per cent. 
Sensitivity reached a maximum during the early prepupal stage, when less than 
one hour of exposure to 5 atmospheres of oxygen reduced adult emergence by 
50 per cent. Sensitivity decreased after pupation, and in the “pink stage,” at the 
outset of adult development, about 14 hours of exposure were necessary to reduce 
adult emergence by 50 per cent. During the rest of adult development and 
throughout imaginal life, the sensitivity to oxygen again increased. The organ 
systems attacked by oxygen during these different stages were examined. 

4. Exposing “pink stage” wasps to 5 atmospheres of oxygen for about 16 
hours stopped development in the “black stage” just prior to adult emergence. 
Dissection of these “black stage” wasps revealed that they failed to emerge because 
oxygen poisoning had prevented their thoracic muscles from differentiating. The 
possibility that this block to muscle development resulted either from direct injury 
to the muscle cells or from damage to the trophic function of the nervous system 
was discussed, and an action on the nervous system was favored. 

5. Exposure of “black stage” wasps just prior to eclosion caused an immediate 
and abrupt decline in respiration. Even when respiration returned to control 
levels within a day, the wasps remained paralyzed within their pupal cuticles and 
never emerged. 

6. The first visible sign of oxygen poisoning in adults was loss of motor 
activity and coordination. After brief exposures, wasps often recovered com- 
pletely, but longer exposures evoked permanent paralysis. 

7. It was suggested that in the early stages of adult development from the 
“pink stage” onward, the trophic influence of nerve on muscle is disrupted by 
oxygen ; and that just prior to emergence, and in the adult, impulse conduction and 
transmission are prevented by oxygen. The gradual increase in oxygen sensitivity 
during adult development and imaginal life appears to reflect an increasing 
sensitivity of the nervous system to oxygen poisoning. 

8. In contrast to the oxygen-sensitivity of the nervous system, the epidermis 
of the developing adult was highly resistant to oxygen poisoning. However, 
prior to the initiation of adult development, epidermal differentiation was blocked 
by oxygen poisoning. The extreme sensitivity of the early prepupa compared 
with chilled diapausing larva or the “pink stage” wasp probably reflects the high 
sensitivity of dividing epidermal cells 
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CIRCULATION IN THE HAGFISH, MYXINE GLUTINOSA L. 


KJELL JOHANSEN 1 


University of Oslo, Institute for Experimental Medical Research, Oslo, Norway 


Knowledge of the circulation in fishes and in cyclostomes in particular is very 
restricted and inadequate for comparison with the data available on circulation in 
higher vertebrates. Myxine glutinosa L., which is the species used for this study, 
belongs to the class Cyclostomata and the family Myxinidae. These animals 
represent phylogenetically the most primitive of the existing vertebrates and thus 
occupy a critical position in comparative interpretations. This study seems to be 
the first one quantitatively undertaking problems related to the dynamics of 
circulation in myxinoids. 

Fishes are considered to have one circulatory pump, the systemic heart, for 
the propulsion of blood through both the gill and the general body capillaries. 
Additional hindrance to circulation exists in the special porta and in some species 
the kidney capillary systems. The circulatory system in myxinoids is provided 
with several specialized structures. Apart from the systemic heart in My-xine 
glutinosa there are three accessory hearts on the venous side of the circulation. 
These are the portal heart, the cardinal hearts and the caudal hearts. The portal 
heart was first described by A. Retzius in 1822. This heart resembles the atrium 
of the systemic heart and differs from the other accessory hearts by having a 
relatively large lumen and striated muscle fibers with a consequent greater pumping 
capacity. The three orifices of the portal heart, the right anterior cardinal vein, 
the portal vein and the main portal vein have valves. The two first vessels 
represent the afferent channels and the latter the efferent channel of the portal 
heart. The cardinal hearts (Cole, 1926) exist as enlarged anterior extremities of 
the deep anterior cardinal veins. The caudal hearts (Retzius, 1822) are paired 
expansions on the caudal veins. The efferent vessels of the caudal hearts unite 
anteriorly to form the median caudal vein. At this point valves are situated which 
cause unidirection of the venous blood stream. The present study draws particular 
attention to the role of the gills in the myxinoid circulation and results are presented 
which demonstrate an active role of the gills for the propulsion of the arterialized 
blood. 

The six bilateral pairs of gills are located in the region cephalad to the heart 
and caudal to the big tongue muscle. The gills are connected to the oesophagus 
through the inner gill ducts which constitute the afferent channels for the respira- 
tory water. After passing through the lense or pouch-like gills, the water flows 
out through the efferent gill ducts which unite on each side and leave the animal 
through the two branchial openings. A cross-section through a gill will show 
tissue that projects inwards from the periphery of the gill as a number of radial 


1 Present address: Dept. of Physiology and Biophysics, School of Medicine, University 
of Washington, Seattle 5, Washington. 
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plates, each one clothed by the walls of two adjacent evaginations differentiated 
from the epithelial lining of the gill, What may be called gill lamellae are 
represented by the contiguous walls of two adjacent evaginations plus the interven- 
ing vascular tissue. 

The afferent gill arteries come from the ventral aorta and form a circular 
vessel around each efferent gill duct (Fig. 1). From this circle, several radial 
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Figure 1. (A) Schematic drawing of the vascular arrangement in a gill-body of 
My-xine glutinosa. 
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FIGURE 1 (B) 


arteries arise which give off a number of vessels at right angles. These vessels 


travel in the core of the gill lamellae and join into another series of radial arteries 
which open into a second circular vessel around the afferent gill duct. From this 
circular vessel two efferent branchial arteries arise which communicate with the 
left and right carotid arteries. 


A brief histological examination of the gills shows a respiratory epithelium in 





CIRCULATION IN MYXINE GLUTINOSA L. 291 


mm Hg 





Ficure 2. Blood pressure record from the dorsal aorta in My-xine glutinosa. 
Time marks, 4 seconds. 


contact with a thin sheet of connective tissue in which the blood vessels are running. 
Next there are two muscular layers, an external, circular or concentric (constrictor 
branchialis externus) and an internal radial (constrictor branchialis internus), the 
axis being the gill ducts. All muscle fibers are distinctly striated. A somewhat 
similar structure to that in the gill is also present in the gill ducts. The muscula- 
ture, however, consists only of ring muscles (Fig. 1B). It is of special importance 
that the gill muscles are not a direct continuation of the gill duct muscles, but that 
the circular vessels on both sides of a gill body are lying between the ring muscles 
in the duct and the ring muscles in the gill itself (Fig. 1B). The structure of the 
myxinoid gills is distinctly different from all other fish-type craniotes, even in- 
cluding petromyzonts. 


MATERIALS AND METHODS 


The specimens used for this study were trapped near the Drobak Biological 
Station in the Oslofiord in Norway. The animals were kept in aquaria supplied 
with running sea water of 4-7° C. The largest available specimens were used for 
the experiments. Their length ranged from 25-40 cm. The unanesthetized animal 
was fastened to a dissection board which was placed in a lucite box filled with 
oxygenated sea water of 47° C. Two incisions were made; the first, in the 
region 5-8 cm. cephalad to the cloacal opening, exposed the dorsal aorta and the 
caudal vein. A polyethylene catheter (P.E. 50) was introduced into the dorsal 
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Ficure 3. Simultaneous blood pressure records from the dorsal aorta (upper curve) and the 
heart ventricle. Time marks, 1 second. 
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Ficure 4. Blood pressure record from the dorsal aorta showing sustained gill contraction. 


Time marks, 2 seconds. 


aorta and connected with a Statham or Sanborn pressure transducer. Another 
incision in the branchial region exposed the systemic and portal hearts. Sometimes 
the gills themselves were dissected free in order to follow their movements closely. 
The pressures in the ventricle of the systemic heart and in the portal heart were 
recorded via cannulas (gauge 26) to the pressure transducers. Care was taken 
not to alter the horizontal position of the animals during the experiments and 
temperature changes in the lucite box were avoided. All recordings were made on 
a Sanborn 4-channel recorder. 


RESULTS 


The systemic heart showed a frequency different from that of the portal heart. 
30th the systemic and portal hearts increased their frequency as a result of in- 
creased venous return brought about by digital manipulation of the great veins. 

The blood pressure recorded in the dorsal aorta showed a pattern like that 
demonstrated in Figure 2. The smaller oscillations are transmissions of the 
systemic heart beat through the gill capillaries. The larger paired pressure pulses 
were the result of active contractions of the gill musculature. These contractions 
most often came in pairs separated by variable times. The frequency of the gill 
contractions varied greatly, with average values of 8-10 per minute. Likewise, 
the absolute values of blood pressures in the dorsal aorta, as well as the rate of 
the systemic heart, showed great individual variations. The heart rates showed 
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Ficure 5. Blood pressure record from the portal heart. Time marks, 1 second. 
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variations between 30-40 beats per minute. The mean blood pressure in the 
dorsal aorta most often showed values around 5 mm. Hg, varying between 3-8 mm. 
Hg. The pulse pressures resulting from the systemic heart beat showed values 
of around 2 mm. Hg or 25 mm. of water. All these pressure values were recorded 
in the caudal part of the animal in the dorsal aorta. Figure 3 demonstrates 
pressures in the heart ventricle and dorsal aorta recorded simultaneously. The 
blood-pressure drop across the gill capillaries calculated from the average pressures 
in the heart ventricle and dorsal aorta amounted to 4.0 mm. Hg. The lower 
tracing in Figure 3 shows that intra-ventricular systolic pressure is around 8.5 mm. 
Hg while the diastolic pressure is zero. During other experiments the same values 
varied between 15 mm. Hg and zero. Figure 4 shows another feature of the gill 
contractions, namely the ability to sustain the contractile state for some seconds. 
The pressure in the portal heart (Fig. 5) was consistently between 3-6 mm. Hg. 


DISCUSSION 


The circulation in My.xine glutinosa as demonstrated in this study differs 
markedly from circulation in all other vertebrates studied. Most surprising is 
the active role of the respiratory organs for the propulsion of blood. The unique 
morphology of the gills in Myxine, however, with the striated musculature and 
special vascular architecture might give reasons for anticipating an active participa- 
tion of the gills in the circulation of blood. In fact, this is what M. Hofbauer 
(1937) suggests in her excellent description of the histology of the gills in 
My-xine glutinosa. 

It is apparent from Figures 2 and 3 that the pressure wave resulting from a 
gill contraction has a very steep diastolic gradient. This means that the peripheral 
resistance is low. In attempting to elucidate the physiological importance of the 
gill contractions, one has to bring a disputed problem into consideration. This is 
the problem of lacunar circulation in vertebrates, first described by Rathke in 1825. 
Cole (1926) pointed out that some of the lacunar spaces (blood sinuses) in Myxine 
contain red blood cells and he called them “red lymphatics.” These cannot be 
considered true lymphatics but must be considered a part of the blood vascular 
system. The circulatory system of Myxine must thus be considered a semi-closed 
system where the true blood vessels at some particular sites are interrupted by 
lacunar spaces. Blood enters these spaces directly from the arteries through 
vascular papillae on the branchial and carotid vessels among others. The com- 
munication between the lacunar spaces and the veins are established with valved 
apertures (see, also, Marinelli, 1956). 

A circulatory system of this type can evidently not work as a high pressure 
system. On the basis of this knowledge the gill contractions with the consequent 
steep transient pressure rises are well explained. Thus it can be observed through 
the vessel wall of the dorsal aorta that a steady, slow forward movement of blood 
takes place, interrupted at each gill contraction by a massive forward displacement. 
The steady, slow flow component apparently results from the permanent pressure 
gradient along the arteries between the pressure head from the systemic heart 
beat, and the veins. The described ability of the gills in Myxine to sustain the 
contractile state for some time seems to be of physiological importance to the animal 
by increasing the volume of blood displaced during a gill contraction. A con- 
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tinuous, repeated blood transport of this type obviously necessitates the mentioned 
properly sited valves and accessory “hearts” on the venous side of the circulation. 

The events in the gill pouch during contraction of the gill musculature are 
probably as follows: The two circular vessels on the afferent and efferent branchial 
arteries, at the entrance and exit of each gill, will each be pressed together when 
the striated musculature in the gills and gill ducts contracts. By this act the 
blood already arterialized will be forced out in the arterial trunks through the 
efferent branchial arteries, thereby causing the relatively high transient pressure 
rise throughout the arterial system. On the afferent or venous side of the gill the 
inflow of venous blood will stop during gill contraction. At the same time the 
water in the gill pouch has been pressed out, which means that the gill when 
contracted is in a state where the respiratory function is temporarily stopped. In 
other words the gills at this time are solely engaged in the circulation of blood and 
water. Upon relaxation of the gill muscles the inflow of water and venous blood 
again takes place and the gills resume their respiratory function. 

Considerable interest relates to the events in the ventral aorta during a gill 
contraction. Recording of the pressure in this vessel without interfering with the 
normal circulation is extremely difficult and has not yet been successful. It may, 
however, be suggested that a simultaneous contraction of the gills and the systemic 
heart creates a pressure in the ventral aorta which surpasses a threshold necessary 
to fill the lacunar spaces through the vascular papillae on the afferent branchial 
vessels. It may well be reasoned that the outflow of blood through these papillae 
and into the lacunar spaces has a pressure threshold only brought about by a high 
pressure in the ventral aorta resulting from a simultaneous contraction of the 
gills and the systemic heart. 

A comparison of the absolute values of pressure in the vessels and heart of 
Myxine with those reported earlier on selachians and teleosts are probably of 
limited value, considering that lacunar circulation is not present in the latter. 
The pressure drop across the gills, although these too differ markedly in their 
anatomy from gills in selachians and teleosts, is likely of some interest. Thus, 
Schoenlein and Willem (1894) working with selachians reported a pressure drop 
in per cent of values proximal to the gills of from 35 to 65%. They worked with 
Torpedo sp. and Scyliorynchus catabus. Lyon (1926), working with Carcharias 
sp., reported around 25% pressure drop, while J. Mott (1951) recorded 40 to 50% 
pressure drop in the common eel, Anguilla anguilla. The present study gave 
values of around 50% pressure loss across the gills measuring pressures in the 
ventral aorta and heart ventricle. During these recordings the catheter in the 
dorsal aorta was pushed in cephalad direction to avoid the pressure drop along 
the dorsal aorta itself. The size of the catheter, however, did not obstruct the 
circulation in the posterior direction in this vessel. 

Another feature of probable physiological importance is explicitly demonstrated 
in the architecture of the myxinoid gill (Fig. 1). This has to do with the 
principle of counter currents, recently frequently stressed as being of great im- 
portance for efficient exchange of materials and energy as well as for maintenance 
of concentration gradients in biological systems (Scholander, 1958). 


In conclusion it may be stated that the circulatory system in myxinoids, as 


judged from this study, shows a very decentralized mode of functioning. In other 
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words the components actively taking part in the circulation of blood are distributed 
throughout the circulatory pattern. Hence the situation differs greatly from the 
circulation in other vertebrates where the systemic heart is considered the pre- 
dominant site of the blood-moving power. 


SUMMARY 


1. Electromanometers have been used to study the pressure relations in the 
vascular system of My-xrine glutinosa L. 

2. The data demonstrate a low arterial pressure level in this species correlating 
with the existence of a lacunar circulation. 

3. The average pressure in the dorsal aorta ranged from 3-8 mm. Hg with a 
pulse pressure of around 25 mm. H,O. The average pressure drop across the 
gills, calculated from the average pressures in the heart ventricle and dorsal aorta, 
was found to be around 4 mm. Hg. 

4. The gills have been shown to take active part in the forward propulsion of 
arterialized blood. This is accomplished by contraction of striated muscular 
elements in the gills and gill ducts. 

5. It is concluded that the circulation in Myxine differs from circulation in 
vertebrates generally by a partial shifting of the blood-moving power from the 
systemic heart to the gills and the portal, cardinal and caudal auxiliary hearts. 


I am indebted to Professor Dr. Bjorn Féyn and cand. real. Finn Walvig at the 
Drobak Biological Station for providing the material used in this study. 
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THE EXCRETION OF INULIN AND GLUCOSE BY THE 
CRAYFISH ANTENNAL GLAND! 


J. A. RIEGEL? AND L. B. KIRSCHNER 


Department of Zoology, State University of Washington, Pullman, Washington 

The anatomy of the craytish* green gland (kidney) is relatively well known, 
due principally to the investigations of Marchal (1892), Peters (1935) and Malui 
(1939). It consists, proximal to distal, of a coelomosac (saccule), a sponge-like 
labyrinth, an elongate (ca. 3 cm.; Maluf, 194la) tubule and a bladder. The 
bladder empties to the exterior of the crayfish by a short duct. 

Several investigations of the physiology of the green gland have been under- 
taken, but little in the way of unequivocable evidence has been gained concerning 
its functional mechanism. Schlieper and Herrmann (1930) were the first to 
discover that crayfish urine is markedly hypotonic to the blood. Peters (1935) 
removed urine samples from various parts of the green gland. He found that the 
chloride content of the samples removed from the distal portions (distal tubule and 
bladder) was much less than the chloride content of urine samples removed from 
the proximal portions (coelomosac and labyrinth). The chloride content of urine 
samples removed from the coelomosac and labyrinth approximated that of the 
blood. Peters concluded from his experiments and observations of the microscopic 
anatomy of the crayfish green gland that the primary urine, in the form of a blood 
filtrate, was formed in the coelomosac and modified by reabsorption of salts (and 
possibly water) in the parts distal to the coelomosac. Picken (1936) made 
measurements of the colloid osmotic pressure of the blood and the hydrostatic 
pressure within the sternal sinus of the crayfish. Since the former pressure 
(average = 15 cm. H.O) was exceeded by the latter pressure (average = 20 cm. 
H.O), Picken concluded that filtration within the crayfish kidney was possible. 
Maluf (1941b) analyzed the manner in which the crayfish (Procambarus clarki) 
green gland excreted inulin, xylose and various dyes. Since such substances as 
inulin and xylose are not excreted by the vertebrate aglomerular (secretory ) 
kidney, Maluf reasoned that the crayfish kidney would or would not excrete those 
substances depending upon whether that organ formed the primary urine by 
secretion or filtration. Despite the fact that both inulin and xylose were excreted 
by his experimental animals, he chose to interpret his data to indicate that the 


1 Supported by funds for medical and biological research by the State of Washington 
Initiative Measure 171, and by a grant (G4925) from the National Science Foundation. 

2 Public Health Service Post-Doctoral Research Fellow. 

3 Until a recent revision by Bott (1950), the systematics of European crayfishes has 
been greatly confused. The species name, Potamobius fluviatilis used by Marchal (1892), 
Peters (1935), Schlieper and Herrmann (1930) and Picken (1936) undoubtedly repre- 
sents at least two species. Potamobius fluviatilis used by the northern European workers, 
probably refers to the present-day species Astacus astacus (L.), while that name used by 
French and British workers probably refers to the present-day species, Austropotamobius 
pallipes pallipes (Lereboullet) 
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crayfish green gland forms urine by active secretion of all components, including 
water. Martin (1957) suggested that Maluf’s data could alternatively be in- 
terpreted to indicate that filtration occurs in the crayfish green gland. 

In the present paper, evidence will be presented which will attempt to explain 
Maluf’s inulin and xylose (glucose) excretion data within the framework of a 
filtration hypothesis. 


METHODS AND MATERIALS 


The crayfishes used in this study were specimens of Procambarus clarki 
(Girard), Orconectes virilis (Hagen) and Pacifastacus leniusculus (Dana). No 
species differences were noted in any of the experiments herein described. The 
experimental animals were kept in a water bath at 16° C., and all experiments 
were carried out at that temperature. 

Blood for inulin and glucose analyses was collected as follows: About 0.06 
cubic centimeter of blood was drawn into a one cubic centimeter tuberculin syringe 
fitted with a 26 or 27 gauge needle after puncturing the ventral membrane between 
the merus and carpus of the cheliped (claw). The blood was deposited onto a 
piece of Parafilm, rapidly drawn into a 50-microliter self-leveling pipette, and 
transferred to a 12 cubic centimeter centrifuge tube. The protein was precipitated 
by Flemister’s (1958) modification of the Somogyi (1930) method. The pre- 
cipitate was shaken briefly and centrifuged at 3500 revolutions per minute for five 
minutes. The supernatant fluid was poured into a ten cubic centimeter test tube. 
The precipitate was then broken up with a glass rod, washed with a one cubic 
centimeter aliquot of distilled water, centrifuged, and the solution was added to 
the first supernatant. The chemical analysis for inulin was done using Flemister’s 
(1958) modification of the anthrone method introduced by Young and Raisz 
(1952). Glucose was analyzed by the glucose oxidase (GLUCOSTAT, Worth- 
ington Biochemical Crop., Freehold, N. J.) method of Saifer and Gerstenfeld 
(1958). 

Urine for inulin, glucose and sodium analyses was collected as follows: The 
front openings of the crayfish’s gill chambers were plugged with a cotton wad 
and the epistomal area blotted with absorbant paper. The crayfish was held 
ventral side up under a dissecting microscope (observed at ca. 15 x) and the urine 
collected from the nephropore by gently tapping the operculum with a capillary 
(see Maluf, 1941la, for details of the anatomy of the crayfish nephropore). The 
capillaries had been drawn previously to a blunt tip and fire-polished. This 
method of urine collection obviated any danger either of contaminating the urine 
with blood (as possibly done by Picken, 1936, and others) or making corrections 
for water loss when the urine is collected by suction (as necessitated by the method 
of Maluf, 1941b). Urine for chemical determinations of inulin and for glucose 
analyses was treated in the same manner as described above for blood. Urine for 
sodium analysis was directly diluted to an appropriate volume with distilled water. 

Blood and urine samples for inulin-C'* analysis were collected volumetrically 
as described above, but the samples were plated directly onto one-inch planchettes, 
diluted with two cubic centimeters aliquots of distilled water, and dried. The 
samples were counted with a conventional windowless gas-flow counter. 

Sodium analyses were made with a Coleman flame photometer. Non-radio- 
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active inulin was analyzed with the aid of a Bausch and Lomb, “Spectronic 20” 
colorimeter. 

The general experimental procedure was as follows: crayfishes were removed 
from the water bath, wrapped in a paper towel, and permitted to drain for one-half 
hour. They were then weighed and the urinary bladders emptied. Fifty- 
microliter urine samples were saved for sodium, inulin, and/or glucose analyses, 
and the remainder of the urine discarded. Initial blood samples were taken and 
any material to be injected was placed into the sternal sinus with the aid of a 
14-cubic centimeter tuberculin syringe fitted with a 26 or 27 gauge needle. The 
inulin, glucose and phlorizin concentrations were adjusted so that volumes no 
larger than 0.1 cubic centimeter were injected into the animals. The crayfishes were 
marked on the branchiostegum (gill chamber) with a grease pencil as a means of 


TABLE | 


Changes in sodium content of urine taken from experimental animals injected 
with inulin (I) and the control (C) 


Animal lime Urine Na Time Urine Na Time Urine Na Time Urine Na 

number hours) (% orig.) (hours) (% orig.) (hours) (% orig.) (hours) (% orig.) 
[-1 2 ’ 9 ° 22 283 59 341 
1-3 8 470 22 450 34 875 57 | 960 
1-5 2 . 7 - 32 ” 55 75.0 
1-6 2 ” 7 . 19 . 34 |} 411 
[1-8 3 * 9 . 21 258 “* —* 
1-9 3 56.0 9 40.2 21 80.0 7 "= 
I-10 3 133 9 . 21 57.4 = _ 
I-11 3 ” 9 75.0 21 89.7 _ 7 
1-14 3 127 9 141 21 246 30 Died 
C-2 2 62.2 9 138 22 214 34 411 


| 
| 


* No samples obtainable. 
** No sample taken. 


identification and returned to the water bath. At definite intervals thereafter, the 
animals were removed and urine and blood samples taken. 

Controls were run with all experiments. The control crayfishes were those 
into which no initial injection of inulin, glucose or phlorizin was made, but blood 
and urine samples were taken as described above. 

All crayfishes were assigned a reference letter corresponding to the particular 
substance which was injected into them (e.g., G for glucose, P for phlorizin). This 
reference letter is reflected in the tables. Further, a particular number and refer- 
ence letter was assigned to only one animal. Thus, animal G-6 in Table II is 
the same as animal G-6 in Table ITI. 


RESULTS 
Inulin 


Of a total of 18 animals injected with inulin, only six continued to produce 
urine throughout a period of six to 57 hours (see Fig. 1). Five of the remaining 
12 began to produce urine within 21 to 55 hours after injection. In the latter 
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PABLE II] 


Changes in sodium content of urine taken from experimental animals injected 
with glucose (G) and controls (C) 


Animal rime Urine Na Time Urine Na Time Urine Na rime Urine Na 
number hours) % orig.) hours) % orig.) hours) (% orig.) hours) ‘ rig 
G-1 1 167 $ 200 7 400 23 33 
G-3 1 ’ + . 7 . 22 714 
G-6 I : + 120 30 ' 50 82.6 
G-7 l 45.5 t 45.5 30 75.0 58 45.5 
G-9 1 1125 4 . 23 1850 50 364 
G-10 1 13.9 } . 22 - 50 18.4 
G-11 l 100 7 3401 22 66.7 50 167 
G-13 + 637 7 341 26 291 54 1045 
G-14 t 31.0 7 116 26 35.7 54 7 
G-15 1 120 + 124 26 112 54 84.5 
C-4 1 150 t 100 7 ” 19 ‘ 
C-5 t 108 7 95.8 30 120 58 275 
C-12 1 100 + 100 20 408 48 125 


* No sample obtainable. 


cases, the urine/blood (hereafter designated as U/B) inulin values (in milligrams 
per cent) were 160/0, 60/0, 280/12, 800/440 and 790/498. Of the seven animals 
that did not produce urine after the injection of inulin, three died. Autopsy of 
the three crayfishes revealed collapsed urinary bladders. The remaining four 


® =inulin-C'* 
25 * Sinulin 


U/B INULIN RATIO 
a 5 


3 





0.1 10 100 
BLOOD INULIN (maq.%) 


Figure 1. Urine/blood (U/B) inulin ratios in relation to blood inulin levels in crayfishes 
injected with radio-active and non-radio-active inulin. 
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crayfishes may have begun again to produce urine, but no attempt was made to 
follow urine production longer than 60 hours. 

Eleven animals were injected with inulin-C**, and eight of them continued to 
produce urine throughout the period of the experiments (six hours; see Fig. 1). 

It is interesting to note that whenever only a small amount of urine (less than 10 
microliters) could be collected, the inulin U/B ratios were significantly higher 
than when amounts greater than ten microliters could be collected. Of a total 
of 39 urine collections during these experiments, 27 were greater than ten micro- 
liters (average = 41.5 microliters). The average U/B inulin ratio at the same 
times was 3.4. The average amount of urine collected during the 12 remaining 
periods was 5.8 microliters, during which times the average U/B inulin ratio was 
9.0. This difference between average inulin U/B ratios of large and small urine 
samples is statistically significant at the 5% level (tf = 2.25). Sodium determina- 
tions were made on urine collected from nine animals into which inulin had been 
injected. Urine sodium increased by factors of 1.3 to 9.6 in six of the nine 
crayfishes (Table I). The sodium content of the urine from two of the three 
remaining crayfishes dropped after the inulin injection and then rose slightly during 
the balance of the experiment, although never attaining the concentration of the 
initial urine sample. The ninth animal stopped producing urine after the injection 
of inulin and 55 hours later the urine sodium was only *4 that of the initial urine 
sample. The average sodium content of seven urine samples of less than ten 
microliters (average = 3.5L) was greater by a factor of 5.1 than the average 
sodium content of 12 urine samples greater than ten microliters (average = 35.4 
wl). This result is statistically significant at the 1% level of probability 


(i= Se} 


Glucose 


A total of fourteen crayfishes were injected with varying amounts of glucose. 
Of that number, one-half produced urine relatively continuously throughout the 
experimental period. The results of analyses of blood and urine glucose from 
these animals are shown in Table I], where it can be seen that glucose usually (but 
not always) appears in the urine under one of two circumstances: (1) the blood 
glucose level exceeds approximately 200 milligrams per cent (animals 11 and 21 
at four hours) ; (2) the experiment lasts thirty hours or longer. Of seven animals 
that stopped producing urine after the glucose injection, two died, and urine was 
unobtainable from two others during a period of 21 to 50 hours; the remaining 
three again produced urine 23 to 26 hours after injection, and in all cases, ap- 
preciable quantities of glucose were present in the urine. Of special interest is 
the fact that analysis of urine and blood of the controls (crayfishes not injected 
with glucose; see Table II) produced results similar to those obtained from the 
experimental animals. That is, blood glucose rose, urine production stopped, and 
in one case, glucose appeared in the urine late in the experimental period. 

Analysis of the urine sodium content of ten crayfishes into which glucose had 
been injected showed that the sodium content of the urine of eight animals increased 
by factors of 1.2 to 34 (Table IIT). Two animals, unexplicably, showed a reduc- 
tion in the sodium content of their urine. 

Phlorizin caused the appearance of glucose in the urine in all crayfishes into 
which it was injected. However, in order to cause the appearance of quantities of 
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TABLE IV 


Blood and urine glucose levels (in mg. %%) in experimental animals injected 
with phlorizin plus glucose (P) and the control 


Blood | Urine Blood | Urine 


Blood Urine | +; Blood |Urine — rT; 

Mion |nours) | S!- | slu- | (pours) | SU | glu- |(nours) | = | lu | qiours)| glue | glu- | Dosage levels 
P-1 0 |42| °* 4 | 31 | 16] 10 | 39 5| 24 | 40! 3 | 12 mg./Kg. 
P-2 0 27 0 + 36 65 10 33 14 23 38 6 102 mg./Kg. 
P-3 | 0 | 39 | O 4 | 51 | 10] 10 | 44] 31 | 23 | 32 | 46 | 72 mg./Kg. 
P-5 0 22 0 4 36 43 10 17 48 23 27 18 32 mg./Kg. 
P-6 | 0 | 23/0 4 | 47|106| 10 | 28} 59| 26 | 25 | 27 | 77 mg./Kg. 
P-7 | 0 | 31 | 0 4 | 70 |247/ 10 | 36/119! 26 | 58 | 93 | 53 mg./Kg. 
C-1 0 35 0 + 44 0 10 26 0 - = _ a 


* No sample obtainable. 
** Animal killed accidentally. 


glucose sufficent to provide unequivocable results from the glucose analyses, prim- 
ing with exogenous glucose was necessary. The data shown in Table IV are 
taken from six animals into which doses of 12 to 102 milligrams per kilogram of 
phlorizin (plus glucose) were injected. The effect of all tested levels of phlorizin 
was immediate and prolonged. Differences in effect between the different 
phlorizin dosage levels appeared to be very slight, although no attempt was made 
to determine minimal and maximal doses. 


DISCUSSION 


It would be well at the outset to attempt to clarify the terminology to be used 
lest the application here of terms coined for vertebrate function lead to misunder- 
standing. By “secretion” is meant the movement of material from the blood into 
the lumen of the organ against a gradient of electrochemical potential. In secretion 
the cells are expending energy to move solutes and/or water into the lumen. The 
term “filtration” usually is used quite specifically to indicate the bulk movement 
of a solution through a porous membrane by the application of a head of pressure. 
The pore dimensions of the membrane determine what is filtered and what is 
restrained. Apart from the fact that the necessary net pressure may exist in the 
crayfish (Picken, 1936), there is no evidence that filtration in this sense occurs 
among Crustacea. In the following discussion, filtration will be used to mean 
the formation somewhere in the organ of a (blood-isotonic) solution containing 
molecules below a critical size. The process is indiscriminate in the sense that 
the chemical species is not important (i.e., everything below a certain size appears 
in the “filtrate’”). In addition, and critical from the point of view of active water 
movement, movement of solution occurs from high to low potential. Thus, the 
question that is really under exploration is, does the movement of water into the 
lumen of the antennal gland require energy? The formation of a dilute urine by 
a secretory mechanism would obviously require active water transport. 


Factors affecting the variability in urine production 


The results of the experiments presented in this paper are similar in most 
respects to those of Maluf (1941b), except that Maluf apparently did not encounter 
I I PI ' 
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difficulty in collecting urine after the injection of inulin and glucose (xylose). 
\ difference in experimental procedure between the present work and that of 
Maluf’s may clarify this discrepancy. Maluf made no effort to obtain urine from 
his experimental animals for eight to fifteen hours after the injection of inulin or 
glucose (xylose). At that time, he sacrificed the crayfishes and collected the 
urine in the bladders. In the present work, attempts were made to collect serial 
samples at much shorter intervals after the injection of inulin and glucose. 

The cause of the aforementioned variability in urine production is unknown. 
However, the only factor which appears to be related to the decrease in urine 
production is the mechanical handling of the crayfishes, especially the withdrawal 
of blood samples at frequent intervals. It can be seen from the data in Tables | 
and III and the discussion of results that an increase in blood glucose created 
effects similar to those seen when inulin was injected into the crayfishes. That is, 
urine production was quite variable and urine sodium increased. The blood 
glucose data from control animals (Table II) show that there was a spontaneous 
rise in blood glucose which could only have been due to handling. Further, the 
urine sodium content rose in all control animals. Therefore, the variability in 
urine production is closely associated with a rise in blood glucose, which in turn, is 
possibly due to excessive handling of the crayfishes necessitated by the experimental 
procedures. 


Filtration versus secretion 


There is no positive evidence that the crayfish green gland is a secretory kidney. 
However, there are two principal features of the anatomy of that organ which 
make it difficult to assign to it the role of a filtration kidney. (1) There ap- 
parently is no glomerulus-like structure (the tenuous syncytium of Maluf) against 
which a hydrostatic pressure head could be applied to effect filtration. Paren- 
thetically, it should be pointed out here that the statement made by Prosser et al. 
(1950, p. 31), “The histological picture (of the crayfish green gland) is not 
compatible with filtration, however. The coelomic sac and tubules lie in haemo- 
coelic spaces, so that pressure must be similar on all sides, and it is difficult to see 
how unidirectional pressure could exist as it does in the vertebrate kidney 
glomerulus,” appears to be based on a misconception of the anatomy of the cray- 
fish green gland. As adequately demonstrated by Marchal (1892), Peters (1935) 
and Maluf (1939) and confirmed by personal observations, all parts of the crayfish 
green gland are well supplied by branches from the antennal and sternal arteries. 
These main branches break up into finer and finer branches until eventually the very 
finest branches become sinusoids. As stated by Peters (1935, p. 359), “Ich konnte 
beim Flusskrebse die Blutkapillaren bis zu den Zellen verfolgen (Abb. 4, 5 und 
6). Fast jede Zelle wird an ihrer Basis vom Blute umspilt.” Since the vessels 
are patent, it is possible that even in the smallest sinusoids there is still sufficient 
arterial pressure to effect filtration. That the sinusoids do respond to pressure 
may be shown by a quote from Peters (1935, p. 359) concerning the coelomosac, 
“Wurde unter grossem Drucke injiziert, so traten zahlreiche, sonst fast kollabierte 
Gefasse in Erscheinung (Abb. 4). Bei normalen Blutdruck scheint ein Teil von 
ihnen immer kollabiert zu sein.” (2) The histological appearance of the green 
gland suggests abundant secretory activity. Further, the crayfish kidney possibly 
can secrete Indigo Carmine, as suggested by the fact that that dye becomes con- 
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centrated in the urine ( Maluf, 1941b, and personal observations). Maluf (1941) 
utilized these two factors as the main issues when he chose to interpret the resu 
of his experiments as indicating that the crayfish green gland is a_ secret 
kidney. For similar reasons, Burger (1957) was loath to say that filtration 
curred in the lobster (Homarus americanus) green gland despite good physi 
logical evidence for it. In regard to the first factor, Martin, Harrison an 
Stewart (1953), working with the terrestrial gastropod, Achatina fulica, and 
Harrison and Martin (1955), working with the cephalopod, Octopus hongkongensis 
obtained good evidence for filtration in those two molluscs despite the apparent 
absence from their kidneys of structures analogous to the vertebrate glomerulus 
The second factor is hardly worthy of concern, since abundant secretory activity 
need not exclude the green gland from consideration as a filtration kidney. It is 
well known that the vertebrate glomerular kidney, although functioning primarily 
by filtration, excretes many substances by secretion, including Indigo Carmine 
(Smith, 1951). Further, Cyanol is excreted by the crayfish green gland at low 
blood concentrations, whereas that dye is not excreted by the vertebrate secretory 
kidney, except at high blood concentrations ( Maluf, 1941b). Finally, a “secretory 
appearance” does not specify the direction of secretion, 1.e., reabsorption could be 
indicated. 

The inulin and glucose excretion data supporting Maluf’s (1941b) argument 
that the crayfish green gland is a secretory kidney need to be examined critically, 
since they render questionable much of the evidence which otherwise would support 
a filtration hypothesis. Following is a discussion of Maluf’s (1941b) experiments 
and results reviewed in the light of results and calculations obtained from the 
present study. 

Maluf’s conclusion that inulin is secreted rather than filtered derives primarily 
from the nature of the relationship between urine and blood concentrations. Maluf 
noted that when the blood inulin levels varied between 100 to 500 milligrams 
per cent the concentration of inulin in the urine was considerably higher than that 
in the blood. Between 500 to 1800 milligrams per cent, the U/B ratios were 
approximately unity. There was an enormous scatter in the experimental points 
within the lower range, but quite gratuitously, a line was drawn indicating a non- 
linear decrease which approached unity as a lower limit. The decrease in the 
inulin U/B ratios with increasing blood inulin concentrations was used to support 
the thesis that that substance was secreted rather than filtered. Several serious 
objections can be raised against this interpretation. In the first place, there was 
too much scatter in the experimental points to justify the drawing of a hyperbola 
through them. A straight line for the range of blood concentrations between 100 to 
500 milligrams per cent would equally well fit the points. Actually, the experi- 
mental results presented in this paper (see Fig. 1) show that there is much more basis 
for this, for when the range of blood concentrations is extended down to less than 
one milligram per cent inulin, it can be seen that U/B ratios are nearly constant. 
Certainly there is no indication of the steep hyperbola indicated in Maluf’s (1941b) 
paper. 

It should be noted, also, that Maluf’s entire argument for the secretion of 
inulin is based on fallacious reasoning. Assuming that the rate of secretion of 


inulin is limited because the transport mechanism becomes saturated at high blood 
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levels (as stated by Maluf, 1941b), it can be shown that the quantity (N) of 
inulin secreted in unit time is related to the blood level by 


N’(B) 
K + (B) 


lf. as Maluf showed, the volume of urine formed per unit time is constant, then 


U’ 


U/B = — , 
Kk + (B) 


where N’, U’ and K are all constants and (B) is the blood concentration. Super- 
ficial examination of this equation shows that U/B will be relatively flat over the 
range of blood concentrations in which (B) is much less than K, and that it will 
approach zero where (B) is greater than K. An asymptotic approach to a lower 
limit of one will be realized only if filtration is assumed in addition to secretion. 
In fact, a kidney that excretes inulin both by filtration and secretion could produce 
the pattern found experimentally; that is, inulin U/B ratios greater than one 
when the blood inulin concentrations are low, followed by a decrease to unity at 
high blood concentrations. While this possibility must be kept in mind, Maluf’s 
experiments at high blood inulin levels are open to criticism of such a nature as to 
render the significance of his results suspect. The molecular weight of inulin is 
about 5000 (Westfall and Landis, 1936). Assuming that it is non-penetrating 
(which, of course, is implicit in its frequent use for measurement of extracellular 
fluid volume), the use of large quantities will raise the colloid osmotic pressure 
(COP) of the blood. Thus, Picken (1936) reported that the COP of crayfish 
hlood averages about 15 cm. of H,O. An inulin concentration in the crayfish’s 
blood of 500 milligrams per cent would increase the COP of the blood by 23 cm. 
of H.O. Even assuming that the animal could make compensatory adjustments in 
blood pressure and extracellular fluid volume, these adjustments could be effective 
only over a limited range. The fact that U/B inulin ratios begin to decrease at 
about 500 milligrams per cent, and remain near unity at blood levels of 1000 to 
1800 milligrams per cent may represent little more than renal failure of some kind 
due to abnormal elevation of blood COP. If a lower molecular weight is used 
(Hodgman, 1955), the increase in COP would be even greater. Thus, before 
Maluf’s (1941b) data could be used to support any hypothesis, a rigorous investiga- 
tion should be undertaken to show that the antennal gland functions normally 
under conditions of high blood inulin levels. The best that can be said in favor 
of a secretory process is that the organ might be excreting inulin by a combination 
of filtration and secretion. However, the introduction of an uncontrolled variable 
(colloid osmotic pressure) at high blood inulin levels makes the evidence for 
secretion tenuous. Since either secretion or filtration would yield U/B inulin 
ratios practically independent of the blood concentration of that substance when 
the latter is low, the inulin data in this range provide no support for either 
mechanism of urine formation. 

There are, however, other data which are better explained on the basis of urine 
formation by filtration followed by reabsorption. The data in Table II show that 
glucose usually is not excreted in the urine, but if the blood concentration is 
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sufficiently high (perhaps about 200 mg. %), it will begin to appear. Thu 
glucose may behave in the crayfish as it does in vertebrates with glomerula: 
kidneys, i.e., as a threshold substance. For some reason, Maluf (1941b) use: 
xylose rather than glucose, and his data seem to indicate either no threshold, or 
very low one. However, when his figure showing blood xylose levels is examined 
it can be seen that the initial blood concentrations were invariably much higher 
than those tabulated with the urine concentrations ; in fact, they were always higher 
than 200 milligrams per cent, although, as in the glucose experiments presented in 
this paper, they fell very rapidly. Thus, the blood concentrations shown in Maluf’s 
table on xylose excretion are misleading in that they represent, in every case, 
values much lower than the level immediately following injection. It is not 
possible to compute clearances or reliable thresholds in the face of blood levels 
that fall (and rise) as rapidly as seen in Maluf’s and the present investigation 
The glucose (xylose) appearing in the urine may all have been excreted when the 
blood concentration was very high and the computation of a clearance on the basis 
of “average” blood concentrations may actually obscure this information. This 
is certainly the case in the present experiments with glucose. Serial sampling 
showed (Table II) that urine glucose is zero prior to the injection of exogenous 
glucose, and where glucosuria occurs, it always does so in the period following the 
peak in blood glucose and returns to zero when the level of that substance in the 
blood falls. 

Moreover, the experiments with phlorizin are difficult to rationalize on the 
basis of secretory activity. The consistent and sustained glucosuria following the 
administration of that drug must indicate that glucose normally appears in a pre- 
sumptive urine from which it is subsequently reabsorbed. The highest glucose 
U/B ratios following phlorizination were 3 to 4, which brings them into the range 
of the inulin U/B ratios, and hence supports the conclusion that the latter can 
be used to measure fluid turnover in the crayfish green gland. 

Therefore, despite the apparent absence from the crayfish green gland of a well- 
defined site for filtration, the facts that inulin can be excreted and that phlorizin 
causes glucosuria lead the authors to conclude that filtration (in the limited sense 
explained at the beginning of this discussion) does occur in that organ. In ad- 
dition, it is quite probable that filtration is followed by the reabsorption of water 
and a large quantity of solute. 


SUMMARY AND CONCLUSIONS 


1. Inulin is excreted by the green gland of the crayfish, and within the range 
of blood inulin levels used in the experiments presented here, the inulin urine /blood 
ratios were always greater than one. 

2. Glucose normally is not excreted by the crayfish green gland. However, if 

the blood glucose level exceeds about 200 milligrams per cent, it usually appears 
in the urine. Further, after thirty or more hours of handling (see paragraph 3 
below ), many crayfishes began to excrete glucose. 
3. Handling (i.e., injection of material, and, especially, serial withdrawal of 
blood samples) often resulted in erratic urine flow, concentration of the urine 
(reflected by large increases in inulin and sodium concentrations in small, less 
than 10-microliter, urine samples). 





ae. 
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+. Phlorizin caused an immediate and prolonged glucosuria at all dosage levels 
tested (12 to 102 mg./Kg.). 

5. Despite the absence of a well-defined site in the crayfish green gland at which 
filtration (in a limited sense, defined in the text) can occur, the authors conclude 
that because inulin is excreted and glucose causes glucosuria, filtration does occur 
in that organ. Furthermore, the filtration is accompanied by the reabsorption of 
salts and possibly water. 
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THE EFFECTS OF GLUCOSAMINE HYDROCHLORIDE ON THI 
DEVELOPMENT OF DROSOPHILA MELANOGASTER ! 


M. T. M. RIZKI 


Department of Biology, Reed College, Portland 2, Oregon 


An unusual type of abnormality in Drosophila was encountered during a series 
of feeding experiments involving glucosamine hydrochloride. These abnormal 
pupae resembled the cryptocephal recessive lethal described by Hadorn and Gloor 
(1943). Since a high incidence of abnormal individuals was recovered after treat- 
ment, and none of the other sugars tested produced morphological abnormalities, 
a more detailed examination of the conditions responsible for this effect, as well as 
a histological examination of the abnormalities, was undertaken. This report 
summarizes the observations of the effects produced by feeding glucosamine 
hydrochloride to larvae of Drosophila melanogaster. 


MATERIALS AND METHODS 


The fu mutant strain which develops melanotic tumors in the caudal fatbody 
(Wilson et al., 1955; Rizki, 1957) and the Ore-R wild type strain have been used 


in the present study. The abnormal pupae were first noted in experiments in 
which larvae were removed from Cream of Wheat-Fleischmann’s yeast medium 
and placed on paper strips moistened with a solution of glucosamine hydrochloride. 
This same method was therefore used in subsequent experiments, as well as 
merely adding the test substance to the medium on which larvae were feeding 
Kach group of larvae was collected during a two- to three-hour interval, and 
larval ages are counted from the time of oclusion from the egg. All experimental 
material was maintained at 23°—25° C. in an incubator. 

In the series of starvation experiments, the timed larvae were removed from 
the food dishes and washed in a series of changes of a saturated solution of NaCl, 
a 2% solution of NaOCl, followed by at least six rinses of distilled water. The 
larvae were then placed on tissue paper strips (Kleenex brand) in sterile petri 
dishes with filter paper under the covers to prevent the escape of the larvae from 
the dishes. Distilled water was used to moisten the paper strips in the control 
dishes, and the test solutions were pipetted onto the paper strips in the experimental 
dishes. Conditions were standardized throughout the study by using four layers 
of paper, size 2.5 x 2.5 inches, with 2 ml. of test solution for each group of 15-20 
larvae. In some experiments sterile cellulose pulp was used as the crawling site 
for the larvae in place of paper strips. In other experiments the sugar solutions 
were added to Cream of Wheat-Fleischmann’s yeast medium. In these cases the 
larvae were washed as above and approximately the same area of the petri dish was 
covered with the food as the size of the paper strips used in the starvation ex 


! This investigation was supported by a research grant RG 5285 from the National In- 
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periments in order to maintain conditions as similar as possible throughout the 
study. 

The abnormal pupae were dissected in Waddington solution. The histological 
material was prepared by fixing larvae and pupae in Carnoy solution, embedding 
paraffin, and staining the sectioned specimens with Azure B (Flax and Himes, 
1952). 


RESULTS 


The typical pattern of the abnormality induced by feeding glucosamine hydro- 
chloride involved the disproportionate sizes and relative positions of the structures 
of the head and thorax. The most striking feature of the abnormal pupae was 
the reduced size of the eyes which nevertheless developed normal pigmentation 
(Fig. 1). Examination of pupae after removal of the puparium showed that the 
cephalic structures were contained in the thorax. The thoracic structures, in- 
cluding the legs and the wings, have developed, their distortion in position being a 
result of the presence of the head within the thorax. In some cases the legs 
appeared shorter than normal and were not fully stretched (Fig. 2). The larval 
mouthparts were still attached to the anterior end of the thorax, and many of the 
puparia were unusually elongated. The degree of contraction of the larval cuticle 
had been less in these cases. In some pupae the bristles were well formed but in 
others the development of these structures, particularly in the posterior region of 
the body, had been delayed. None of the abnormal pupae hatched, and sectioned 
material from these pupae was subsequently examined. 

Stained preparation of the sectioned pupae revealed that eversion of the 
imaginal discs of the imaginal complex had occurred but these developing head 
structures did not emerge from the thorax. Figures 3 and 4 are frontal sections 
passing through the brain in an abnormal pupa and a normal specimen, respectively. 
In the former, the brain is located in the anterior region of the abdomen. Com- 
parison of these sections indicates the degree of morphogenetic displacement which 
occurs in the brain mass. In the normal pupa, as the cerebral ganglion is pushed 
forward, the anteriolateral parts of the brain are displaced caudolatrad and the first 
optic stalks assume a lateral position to the brain. In the abnormal specimens the 
antennae and palpi appear normal with respect to their morphological development 
but they are found lodged in the area enclosed by the eyes. The carina is not 
properly formed. The gonads of the abnormal pupae are well developed and no 
apparent abnormality of the external genitalia would be detected. Eversion of the 
wings and legs has been complete. A parasagittal section of an abnormal pupa is 
presented in Figure 5 to illustrate the development of the thoracic muscles, tergites, 
and bristles. In this photograph, the compound eyes, although failing to emerge 
from the thorax, show well formed rhabdomeres and crystalline cones, and the 
setae are normal in appearance. Several pupae were found which had dwarf 
heads, and improper wing eversion was apparent in a few adults. 

The first group of abnormal pupae was recovered during a survey of nutritional 
factors which were being tested for their effects in the mutant strain, fu”. For 
these experiments larvae 65 hours of age were removed from food and placed on 
paper moistened with a 10% solution of each test substance. ‘Larvae remained 
in these dishes until after pupation, and scoring was completed as the adults 
hatched. Under these conditions, glucosamine hydrochloride was the only chemical 
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Figure 5. Parasagittal section of a glucosamine-induced phenocopy of cre in the Ore-R 
strain showing the detailed structures of the eye, E; optic lobe, O; longitudinal thoracic muscles, 
[; muscles of the appendages, L. A large portion of the brain is in the abdomen demarcated 
by A. 


which induced any noticeable morphological changes. The list of substances 
tested included N-acetyl glucosamine, thiamine hydrochloride, fructose, glucose, 
lactose, starch, mannitol, salicin, casein hydrolysate, nucleic acid hydrolysate, 
glycogen, melibiose, trehalose, ribose, sorbose, inulin, sucrose, maltose and galactose. 


Drosophila larvae 65 hours of age were removed trom food and placed on paper 
moistened with distilled water. These larvae completed their development and 
normal adults were obtained. Repetition of these conditions with glucosamine 


hydrochloride yielded the same type of abnormalities each time, and this method 


Figure 1. An atypical pupa within the puparium obtained after feeding glucosamine 
hydrochloride to third instar larvae of the Ore-R strain. The concave discoid pigmented eye, 
PE, is located in the thorax; the arrow, T, is pointing to the scutellar bristles of the thorax. 

Figure 2. Atypical imagoes removed from the puparium (fu"). Note the absence of 
the cephalic region while the thorax and abdomen with their associated structures are well 
formed. Female genitalia, FG; leg, L; male genitalia, MG; wing, W; the larval mouthparts, 
LM, still attached to the anterior region of the thorax. The legs are not fully stretched. 

Figures 3 AND 4. Comparison of frontal sections of a glucosamine-induced abnormal 
pupa (tu”) and a normal tu” imago. In the abnormal specimen in Figure 3 the brain is 
located in the abdomen and the eye discs are flanking the inner lateral sides of the thorax 
forming a cavity. Larval mouthparts, LM; carina, C; antenna, A; eye, E; muscles of 
flight in the thorax, T. 
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was used to test 1%, 5%, 10%, and 20% solutions of glucosamine hydrochk 
and N-acetyl glucosamine in succeeding experiments. In addition these s 
solutions were added to a thin layer of food covering approximately the 
area of the dish as the size of the paper strip. 
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Figure 6. The yield of abnormal pupae and larvae in the tu” and Ore-R strains obtained 
after feeding varying concentrations of glucosamine hydrochloride. The solid lines represent 
starvation conditions in the tu” and Ore-R strains, and the vertical lines on these two curves 
indicate standard deviations. The results on the fed larvae are represented by dotted lines. 
All of the larvae used in this experiment (#756) came from one collection period. The 
fraction of larvae affected includes the total effect of feeding glucosamine hydrochloride, that 
is, abnormal pupae as well as larvae which died before pupation. At each point on the graph, 
the number preceding the parenthesis is the sample size which is followed by a number in 
parentheses giving the count of the pupae at this point with the cryptocephal phenocopy. For 
example, the higher per cent of phenocopies in the tu” strain under starvation conditions was 
obtained with 5% glucosamine hydrochloride; no phenocopies were obtained in the tu” strain 
with 10% and 20% glucosamine hydrochloride as the larval lethality approached 100%. 
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None of the tu“ larvae survived in the 20% solution of glucosamine under 
starvation conditions, and very few of the Ore-R larvae pupated. Many of the 
larvae crawled off the paper at this concentration, so the high mortality is pre- 
sumably the combined effect of the glucosamine as well as desiccation. Behavior 
of this type was not noticed in the dishes with the lower concentrations of 
glucosamine. Combining the number of dead larvae and abnormal pupae obtained, 
the fraction of response to glucosamine hydrochloride can be graphically rep- 
resented, thus indicating the difference between the two strains of flies. Figure 6 
illustrates the results of one experiment on larvae taken from the same collection 
period. Direct comparison between larvae on food and those on paper strips can- 
not be made, but the difference most probably represents the dilution factor of the 
food since the same amount of solution was added to the food surface as that 
added to the paper in the dishes. The type of abnormalities induced was the same 
under conditions of feeding and starvation, as well as in the two strains of flies. 
The optimum concentration for the production of abnormal pupae was 5% for 
the ¢u” strain and 10% for the Ore-R strain when larvae were removed from food 
at 65 hours of age, and these were the concentrations which were used in the 
experiments from which material was fixed and sectioned. In the present study, 
a total of 276 abnormal pupae was obtained from the fu" strain and 99 from the 
Ore-R strain. Under optimum conditions of treatment the per cent of abnormal 
pupae in both strains was as high as 60%. 

Samples of glucosamine hydrochloride obtained from three sources were used 
( Nutritional Biochemicals Corp. ; California Corporation for Biochemical Research ; 
Krishell Laboratories) and all produced the same type of abnormalities. The 
dosage response decreased with the age of the solution of glucosamine hydro- 
chloride, so only freshly prepared solutions were used. 


DISCUSSION 


The typical pattern of abnormality obtained after feeding glucosamine hydro- 
chloride to Drosophila larvae is the same as that reported by Hadorn and Gloor 
(1943) for the recessive lethal which they termed cryptocephal, crc. This name 
appropriately described the characteristic feature of the glucosamine-induced ab- 
normal pupae with the head structures contained in the thorax. Histological 
examination of the abnormal specimens has shown that the cephalic complex has 
undergone development and eversion, and the principal morphological difference 
appears to be the displacement of structures resulting from the lack of emergence 
of the head. A similar developmental upset was obtained in two stocks, the wild 
type Ore-R and the tu” mutant strain, although a higher percentage of abnor- 
malities was induced in the latter strain under the same conditions of treatment. 
Comparing pupation time in the two stocks, there is an average delay of at least 
twelve hours in the tu” strain. Therefore the difference in response to glucosamine 
may reflect a difference in developmental stage since the larvae from both stocks 
were of the same age at the time of treatment. A survey of the effects produced 
by glucosamine hydrochloride when offered at different ages throughout larval 
life in both stocks will have to be undertaken before this question of difference of 
response can be answered. 

Gloor (1944) reported lack of emergence of the head in some of the pupae of 
a wild stock of D. melanogaster by using temperature shocks during the prepupal 
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period shortly before the normal time of emergence of the head. The use <j 
glucosamine hydrochloride as a phenocopic agent may provide a useful tool 
studying the physiological mechanism of emergence of the head in the developing 
pupa. The biological role of the aminosugars has been recently reviewed by Kent 
and Whitehouse in their monograph (1955). Glucosamine and N-acetylglucosamine 
are components of the polysaccharide polymer, chitin. Complexes of chitin and 
protein are important constituents of insect cuticle. The incomplete contraction of 
the cuticle, apparent in some Drosophila specimens after feeding glucosamine 
hydrochloride, may suggest this system as a point of interference. The reported 
inhibition of anaerobic glycolysis and O, uptake by glucosamine in leucocytes 
(Alonso, 1959) also suggests further examination for such effects in Drosophila 
larvae and pupae. The ease with which abnormal pupae were obtained under 
starvation conditions was utilized to obtain as large a number of specimens as 
possible for the present survey. However, this restriction of starvation may not 
be desirable for an analysis of the mechanisms underlying the formation of the 
abnormalities since the histological condition of the abnormal specimens obtained 
in starvation experiments was inferior to that in the fed experiments. 


SUMMARY 


Abnormal pupae were obtained after feeding glucosamine hydrochloride to 
larvae from two stocks of Drosophila melanogaster, the Ore-R wild type strain and 
the mutant melanotic strain, tu”. The characteristic feature of the abnormality 
was the position of the head within the thorax, thus suggesting the use of 
glucosamine hydrochloride as a phenocopic agent to produce individuals resembling 
the recessive lethal cryptocephal. 
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INTRACELLULAR DIGESTION AND HYDROLYTIC ENZYMES 
IN THE PHAGOCYTES OF PLANARIANS'? 


ROBERT M. ROSENBAUM AND CARMEN I. ROLON 


Department of Pathology, Albert Einstein College of Medicine, New York 61, N. Y. 


It has been established that, in those species studied, intraluminar digestion 
does not occur in triclad flatworms (Willier, Hyman and Rifenburgh, 1925; 
Jennings, 1957), but that digestion takes place within food vacuoles in the 
phagocytic cells of the gastrodermis. A number of investigators have observed the 
disintegration of ingested food particles within these cells (Arnold, 1909; Saint- 
Hilaire, 1910; Jacek, 1917; von Levitzow, 1943), but the methods they employed 
did not permit elucidation of the mechanisms involved except in a most general 
way. Kelley (1931), studying the intracelular digestion of nucleoprotein in D. 
dorotocephala by means of the Feulgen reaction with and without acid hydrolysis, 
showed that the ingested material was hydrolyzed within the first two hours. 

To our knowledge, no previous study has characterized the hydrolytic enzymes 
in the phagocytes of planarians. The present report considers the relationship of 
three such enzymes to current concepts of intracellular digestion. 


MATERIALS AND METHODS 


Specimens of Dugesia dorotocephala and D. tigrina were used for this study. 
The animals were maintained as stock cultures at 18° C. and fed routinely once 
every ten days on minced rat or mouse liver. Experimental animals were isolated 
in fingerbowls and starved for at least three weeks. Some of these were fed raw 
rat or mouse liver, and others boiled liver to determine if enzyme activities in raw 
food were transferred to the gut. No differences in enzyme activities between 
animals fed raw or boiled liver were demonstrable by the staining methods 
employed. The worms were observed during feeding; post-feeding times were 
determined from the moment the animals ceased feeding. 

For the demonstration of those enzyme activities surviving chemical fixation, 
specimens were initially fixed in warm (37° C.) Baker’s calcium-formalin for 5 
minutes to prevent discharge of the gut contents. They were then placed in 
calcium-formalin at 4° C. for 24 hours, washed for 5 minutes in distilled water 
and cut on a CO,-freezing microtome at 8-10,. Material thus prepared was 
incubated for acid phosphatase activity by a slight modification of the method of 
Gomori (1952). Sections were incubated for 15-30 minutes in a 0.1 M 2- 
glycerophosphate and lead nitrate mixture buffered to pH 5.0 with 0.05 M acetate 
buffer. 

Aminopeptidase activity was visualized by the method of Burstone and Folk 
(1956). Animals were placed on Monel grids and frozen in isopentane chilled by 
liquid nitrogen to — 160° C. After quenching, the worms were dehydrated for 24 


| This investigation was supported by a research grant, No. RG-5483, from the United 
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hours ina vacuum (10°* mm, Hg) at — 28° C. and infiltrated for 30 minutes with 
54-56° C. paraffin. Paraffin sections cut at 8p were incubated at 37° C. in 
substrates consisting of either L-leucyl-8-naphthylamide (LNA) or L-alanyl-,- 
naphthylamide (ANA) buffered to pH 7.1 with 0.2 M Tris buffer. Control sec- 
tions were incubated in a solution of 8-naphthylamine in 0.2 MV Tris buffer. Garnet 
GBC or Fast Corinth Salt V were employed as simultaneous couplers in the in- 
cubation medium. 

8-glucuronidase activity was demonstrated by the method of Billett and McGee- 
Russell (1955). It was not possible to achieve a precise intracellular localization 
of the final ferric-8-hydroxyquinoline crystals with formalin-fixed frozen sections. 
\s an alternative, the entire worm was placed in quinolyl-8-glucuronide at pH 
4.2-4.5 and incubated in the presence of a saturated ferric-8-hydroxyquinoline 
solution at 37° C. for 24 hours, following which they were washed, first in distilled 
water, then in oxalate buffer and finally mounted im foto in glycerine jelly. 


RESULTS 
Histology of the gastrodermis 


The gastrodermis consists of a single layer of epithelial cells resting on a 
delicate basement membrane. Two distinct cell types are present. The phagocytic 
cell is the larger, the more numerous and contains a basal nucleus and a free end 
that protrudes into the gut lumen. The cytoplasm is basophilic and has a varying 
number of eosinophilic inclusions that progressively disappear after feeding. These 
presumably represent the contents of food vacuoles undergoing digestion (Willier, 
Hyman and Rifenburgh, 1925). 

The second cell type is smaller and less columnar than the phagocyte although 
its shape varies considerably, depending on the nutritive state of the animal. It 
has been variously described as a storage, gland or spherical cell and contains 
intensely staining eosinophilic bodies generally considered to be a protein reserve. 
The morphology of these two cell types throughout the digestive process has been 
considered in detail by Willier, Hyman and Rifenburgh (1925). 


Acid phosphatase 
No activity was detected in any of the cells comprising the gastrodermis of 
starved animals (Fig. 1). Due to the presence of diffuse brown-black pigment 


Figure 1. D. dorotocephala. Starved (14 days) animal showing three segments of 
digestive tract (arrows). There is no activity in the gastrodermis. A number of pigmented 
cells are seen, as well as abundant pigment in the dorsal epidermis. Gomori lead sulfide 
reaction incubated for 30 minutes at pH 4.5. 100 x. 

Figure 2. D. dorotocephala, gastrodermis 6 hours post-feeding. There is acid phos- 
phatase activity in many of the food vacuoles but not all cells are equally reactive. 420 x. 

Figure 3. Acid phosphatase activity in fragments of gastrodermis from 1). tigrina fed 5 
minutes previously. There is a distinct precipitation of lead sulfide within the vacuoles of 
the phagocytic cells which in some cases have become rounded during maceration. 620 x 

Figure 4. Acid phosphatase activity in the gastrodermis of D. dorotocephala 24 hours 
after feeding. Notice the intense staining in the food vacuoles of the phagocytic cells. A 
weaker reaction is evident throughout the gastrodermis. 100 x. 

Figure 5. Section of gastrodermis from D. dorotocephala 10 days after feeding. There 
1s some acid phosphatase activity in the cytoplasm but no food vacuoles are present. Several 
pigment cells are evident. 420 «x. 
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throughout the animal, controls were necessary to distinguish such pigment from 
the similarly colored deposits of lead sulfide in a positive enzyme reaction. Sec- 
tions serving as controls were either heated in a water bath at 60° C. for 45 
minutes or incubated in buffer without glycerophosphate. 

Some enzymatic activity could be detected in sections of animals fed 30 minutes 
previously. The gastrodermis of animals killed six to twelve hours after feeding 
showed distinct acid phosphatase activity. Activity was localized within vacuoles 
formed in the phagocytic cells (Fig. 2), but the intensity of the reaction varied 
considerably from vacuole to vacuole. Such differences in enzyme activity are 
presumably dependent on the amount of material phagocytized, the length of time 
the food has been in the vacuole and, hence, the extent of digestion taking place 
in the vacuole at the time of fixation. 

Attempts were made to visualize the intracellular distribution of acid phos- 
phatase during formation of the food vacuoles. Since frozen sections did not 
provide optimal preservation of cytological details, a series of small animals, fed 
approximately 30 minutes previously, were squashed on chilled coverslips and im- 
mediately fixed in cold calcium-formalin. These preparations were then incubated 
in buffered (pH 4.8) glycerophosphate and acid phosphatase activity visualized by 
precipitated lead sulphide. As early as five minutes after initiation of feeding, 
acid phosphatase could be demonstrated within newly forming food vacuoles 
(Fig. 3). During formation of the food vacuole, the sites of enzyme activity are 
discrete but of varying size depending on the physiological activity of the vacuole. 
Four to six hours after feeding, most vacuoles showed such intense acid phosphatase 
activity that the entire vacuolar space was filled by a lead sulphide precipitate. No 
cytoplasmic enzyme activity could be detected at this time. 

Twenty-four hours after feeding, intense acid phosphatase activity occurred 
throughout the gastrodermis (Fig. 4). While staining was still most striking 
within the food vacuoles, a reaction also occurred in the cytoplasm of the columnar 
cells. In all instances, this was limited to the gastrodermis with no staining 
demonstrable in the mesenchyme (Fig. 4). This activity, both in vacuoles and 
cytoplasm, persisted up to 48 hours, following which a gradual diminution became 
evident. 

One week after feeding, a few cells in gastrodermis showed slight staining for 


enzymatic activity (Fig. 5). 


Figure 6. LD. dorotocephala, starved for two weeks and incubated in L-leucyl-f- 
naphthylamide for aminopeptidase activity. There is no staining in the gastrodermis (gast.) 
but two regions in the mesenchyme (mes.) show enzyme activity. Numerous pigment cells 
are present throughout the section, especially in the dorsal epithelium. Photographed in 
combination with Corning narrow band filters, Nos. 3486, 9782 and 5120. 100 x. 

Figure 7. Aminopeptidase activity in the gastrodermis of D. dorotocephala 30 minutes 
after feeding. Staining is not uniform but its localization within vacuoles is evident. 210 x. 

Figure 8 Aminopeptidase activity localized within vacuoles in the gastrodermis of 
1). dorotocephala 12 hours after feeding. There is no reaction in the cytoplasm of the 
phagocytic cells. 460 

Ficure 9. Aminopeptidase activity in the gastrodermis of D. dorotocephala. The picture 
is typical of the reaction in animals 24 to 48 hours after feeding. 160 x. 

Figure 10. D. dorotocephala starved for 10 days. No aminopeptidase activity is present. 
160 
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Aminopeptidases 


Although both leucyl- and alanyl-derived substrates were employed, it w: 
impossible to distinguish differences in activity between the two substrates. TT] 
pH optima (7.0-7.6) and optimal incubation times for both substrates were als 
identical. Only slight activity was obtained with both substrates at a more aci 
pH (4.5-5.0). 

There was some aminopeptidase activity in the mesenchyme of starved animal 
although none could be detected in the gastrodermis (Fig. 6). The presence 
enzyme in the mesenchyme of starved animals was probably related to a lowered 
nutritional state since an increase in enzyme activity in the mesenchyme of animals 
starved for two, four or six weeks, respectively, was always observed. This 
suggests that a mechanism is present outside the gastrodermis for utilization oi 
the animals’ tissues as a food reserve. The ability of planarians to withstand 
long periods of starvation with a corresponding reduction in body size is well known 

Aminopeptidase activity was detected in the gastrodermis 30 minutes after 
feeding (Fig. 7). The staining appeared strongest in those cells possessing the 
largest food vacuoles and, hence, undergoing most active phagocytosis. 

Twelve hours after feeding, nearly all the phagocytic cells of the gastrodermis 
contained food vacuoles which stained positively for aminopeptidases (Fig. 8) 
Staining was most intense 24 to 48 hours after feeding (Fig. 9), following which 
there was a rapid decline in activity throughout the gastrodermis. 

Seven days after feeding (Fig. 10), no reaction for aminopeptidase was ob 
tained in the gastrodermis. At this stage, some cells in the mesenchyme did 
possess a positive reaction for these enzymes (Fig. 10). This appears to support 
the observation of Jennings (1957), that phagocytosed material can pass back 
into the mesenchyme for subsequent digestion. 


Beta-glucuronidase 


The method originally suggested by Billett and McGee-Russell (1955) for the 
demonstration of 8-glucuronidase was not satisfactory for fresh-frozen sections of 
planarians. Even tissue from animals fixed for three hours in cold neutral formalin 
did not satisfactorily withstand incubation in quinolyl-8-glucuronide at pH 4.0-4.5. 
Since intracellular localization of the enzyme could not be obtained in sections, it 
was decided to use the ‘nm toto incubation method employed by Billett and Mulherkar 
(1958) for the chick embryo. Small, recently fed worms were fixed in cold 











neutral formalin for three hours. They were then thoroughly washed in several 
changes of cold distilled water and incubated in quinolyl-8-glucuronide for 24 hours 
at 37° C. as previously described. Control animals were incubated in substrate 
to which 0.0005 M potassium acid saccharate had been added as an inhibitor. The 
presence of ferric-8-hydroxyquinoline crystals could be detected in the gut of 
animals 24 or 48 hours after feeding. No similar reaction was obtained in the 
gut of starved animals. Although the technique employed for §-glucuronidase 
was not satisfactory from the standpoint of intracellular localization, it did demon- 
strate the presence of 8-glucuronidase activity parallel in time to the appearance 


of acid phosphatase and aminopeptidase. 
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DISCUSSION 


While a considerable amount of investigative work has been undertaken on 
intracellular digestion following phagocytosis or pinocytosis in organisms such as 
Ameba, little is known about the digestive enzymes present in other invertebrates 
(Kitching, 1956). In the present reports, the localization of specific hydrolytic 
enzymes in some fresh-water triclads has been demonstrated in relation to the food 
vacuoles formed within phagocytic cells in the gastrodermis. 

The acid environment within food vacuoles has long been known and it has 
been assumed that this is related to the function of the digestive process. The pH 
optima of acid phosphatase and f-glucuronidase are approximately the same 
(4.24.6). Jennings (1957) has obtained a value of pH 4.6 in the food vacuole 
of the triclad, Polycelis, six hours after feeding. Our own data (unpublished) 
show similar values for Dugesia. 

It has not been sufficiently emphasized that aminopeptidase activity, identified 
by the methods employed here, does not ipso facto demonstrate the leucine 
aminopeptidase considered as a single enzyme by Smith and Spackman (1955). 
Other peptidases are capable of splitting leucyl peptides (Fleisher, 1954) and it is 
therefore necessary to assume caution regarding the degree of specificity obtained 
by the present methods. The similarities, both in the degree and distribution of 
enzyme activity as well as pH optima, obtained with the substrates LNA and ANA 
in the present investigation, suggest that we are dealing with such a lack in 
specificity. Recently, Waldschmidt-Leitz and Keller (1957) have demonstrated 
that “leucine” aminopeptidase is a mixture of peptidases and does not represent a 
specific enzyme. The histochemical significance of this problem has been con- 
sidered in detail by Glenner et al. (1959). 

[t is interesting to consider the possible mechanisms responsible for release of 
enzymatic activity following feeding. The observation that the three enzymes 
studied here appear after the majority of food vacuoles have formed suggests a 
secretion of enzymes from the cytoplasm into the vacuole. An alternative mecha- 
nism would call for the de novo synthesis of enzymes within the forming vacuole 
but then one would expect to find enzymatic activity appearing along with the 
earliest formation of the food vacuole. Some evidence for the secretion of enzymes 
from cytoplasm into vacuoles has come from observations of the microkinetospheres 
of certain cell variants of HeLa cultures (Rose, 1957). The localization of acid 
phosphatase activity throughout the gastrodermis 24 to 48 hours after feeding 
indicates that the cytoplasm of these cells possesses the capacity to synthesize the 
enzyme. There is evidence from the present observations that aminopeptidase is 
similarly localized in the cytoplasm of cells. In starved animals, for example, 
activity was found in the mesenchyme and the possibility that such sites may 
represent localized digestion of the animals’ own tissue—perhaps for nutritive 
purposes—has been mentioned. 

The three enzymes studied represent a class of six or more soluble acid hy- 
drolases collectively associated with a group of cytoplasmic particles termed 
“lysosomes” by de Duve (1959). Although the lysosome concept has been in- 
vestigated most thoroughly in the liver cell, there is increasing evidence that these 
particles may be concerned with localized phenomena related to the acid digestion 
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of cells in general. Evidence for this is available from observations on Am: 
(Bennett, 1956); spleen macrophages (Palade, 1956) and, most conclusively, 
“athrocytosis” phenomena in kidney cells (Straus, 1957). 


SUMMARY 


1. The presence of the three hydrolytic enzymes, acid phosphatase, ami 
nopeptidase and £-glucuronidase have been demonstrated in relation to digestion 
phenomena in Dugesia dorotocephala and D. tigrina. 

2. None of these enzymes were detected in the gastrodermis of starved animals. 
Acid phosphatase activity appears 5 minutes after feeding commences and is 
closely identified with formation of the food vacuoles. Maximum phosphatase 
activity is present in all vacuoles 24 to 48 hours after feeding; a slight reaction 
occurs in the cytoplasm of all gastrodermal cells at this time. Three days after 
feeding, acid phosphatase activity declines until one week after feeding, no activity 
is evident. 

3. Aminopeptidase activity is present in the mesenchyme of starved animals 
where it is probably associated with “self-digestion” phenomena related to the 
nutritional state of the animal. In general, aminopeptidase activity parallels that 
of acid phosphatase. While intracellular localization of B-glucuronidase was not 
achieved, its activity in the digestive tract was observed to be similar to that of the 
other two enzymes studied. 

4. The results obtained on a histochemical level are discussed in terms of 
current concepts of the mechanism of intracellular digestion. 
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THE IN VITRO REACTION OF LIMULUS AMEBOCYTES 
TO BACTERIA! 


M. V. SHIRODKAR,? A. WARWICK AND F. B. BANG 


Varine Biological Laboratory, Woods Hole, Massachusetts, and Department of Pathobiolog 
The Johns Hopkins University School of Hygtene and Public Health, Baltimore 5, Maryland 


The horseshoe crab, Limulus polyphemus, an ancient marine arachnoid, reacts 
to infection by extensive intravascular clotting (Bang, 1956). Since this is 
primarily a cellular reaction, followed by extracellular gelation (Loeb, 1910), it 
was of particular interest to study the interaction of bacteria and the cellular 
components im vitro. The present paper reports (a) the maintenance of the 
normal granular discoid amebocytes in siliconized and unsiliconized glassware, (b) 
the destructive effect of the bacteria and bacterial toxin in first changing these cells 
to agranular and filiform extended cells and then destroying them, and (c) the 
ability of the granular discoid amebocytic preparations to suppress the development 
of nonpathogenic bacterial infections in the cultures.* 


MATERIALS AND METHODS 


Healthy, adult specimens of Limulus, 10 to 12 inches across the shell, mostly 
female, were obtained from the Marine Biological Laboratory Supply Department 
and kept in running sea water. No data were available concerning the previous 
history of infection among these animals. 


Preparations without silicone—granular and agranular cells 


Thirty to 50 ml. of blood were obtained by cardiac puncture and were placed 
directly into a series of unsiliconized 10-ml. screw-cap roller tissue culture tubes 
(2 ml. per tube) with routine sterile precautions. After some manipulations to 
obtain a uniformly thin layer of material over most of its inner curvature, the 
tube was placed in a rotating drum and kept at room temperature (20-25° C.). 
The cells were studied by direct microscopic examiantion of the tube and by 
removal of drops of the culture fluid* with its suspended amebocytes. The 
latter were followed both by phase and direct transmitted light. A combination 
of 100 units each of penicillin and streptomycin was used in a few of the early 
experiments, but in most tubes no antibiotics were used. The effect of fluid 
changes was studied by replacing the media with various concentrations of adult 


‘This work was supported by a Grant-in-Aid (E135) from the National Institutes 
of Health. 

2 Predoctoral Research Fellow, National [nstitutes of Health. 

‘Some of this material has been reported in abstracts: (Shirodkar, Bang and Warwick, 
1958; Warwick and Bang, 1957). 

* Hereafter referred to as “medium” or as “serum.” 
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Limulus serum. Wolbach’s modification of Giemsa’s stain was used in order to 
determine the cytological details of the cells. 


Cultures with silicone—cultures in siliconised glassware 


In these experiments the culture tubes, syringes and needles were coated with 
silicone (G.E. SC-87 Dri-Film) and air-dried for 3-4 hours before they were 
thoroughly washed with the commercial washing powder “Gold Dust,” rinsed 
several times with tap and then with distilled water and dry sterilized at 180° C. 
for 114 hours. Large volumes of blood could not be withdrawn and transferred 
(2 ml. for each roller tube) without clot formation unless the apparatus was thus 
siliconized. Particularly careful manipulation was required immediately after 
explantation of the blood. The preparation was considered satisfactory only if a 
clear majority of the attached and suspended amebocytes was indistinguishable 
from those found in vivo, t.e. discoid, granular, (Lankester, 1884; Loeb, 1902), 
as studied by low power microscopy, for at least 48 hours following explantation. 


Description of bacteria used 


Limulus pathogen. In the summers of 1953, 1954, 1957 and 1958 organisms 
were isolated from the peripheral blood of sick adult animals by means of techniques 
described elsewhere, and the 1958 stock cultures were maintained by fortnightly 
transfers on ZoBell’s sea water agar, enriched with peptone and ferric salts ( Bang, 
1956). They were stored between transfers at 4° C. On the basis of bacterio- 
logical tests * the strain isolated in 1958 was identified as a Vibrio sp. It is gram- 
negative, short, thick, polarly monotrichous, motile and does not form spores. It is 
comma-shaped, particularly in old cultures. Thin capsules are occasionally pres- 
ent. The organism is facultatively anaerobic and has an optimum growth tem- 
perature of 22° C., complete cessation of growth occurring at 5° and 37° C. It 
produces 8-hemolytic zones on horse blood agar; liquefies gelatin rapidly (1 day 
at 22° C.); shows presence of peroxidase and catalase; does not produce H.S; 
gives a weak positive reaction with indole and reduces nitrate to nitrite. The 
bacterium is incapable of fixing nitrogen and shows neither fluorescence nor 
luminescence. It produces acid, but not gas, in the following carbohydrate media: 
glucose, galactose, maltose, trehalose, mannitol, starch, sorbitol (weak at 15 days), 
glycerol (weak) and salicin (weak). No acid is produced with arabinose (late 
positive, 15 days), xylose, rhamnose, sucrose, lactose, adonitol, dulcitol, inositol 
and ethyl alcohol. 

A heat-stable toxin was obtained from this bacterium by the same method as in 
the previous work. 

Bacterium #5 (Limulus nonpathogen). Pure cultures ° of this gram-negative 
peritrichous, motile rod were obtained at the beginning of the summer of 1958 from 
oysters. 

Bacteriological studies showed no fermentaticn except in ethyl alcohol, which 


5 These, as well as the tests on Bacterium #5, were kindly performed by Dr. H. Lautrop 
of the State Serum Institute, Copenhagen, Denmark, to whom we are grateful for the ac- 
companying description. 

® These, as well as other cultures used here, were isolated by Mr. Stuart Krassner of our 
laboratory and kindly supplied to us. 
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suggested that it belongs in the Alkaligenes group. However, since it produc: 
H.S, it is tentatively designated Alkaligenes-like. When inoculated, even in larg: 
doses, into healthy, adult animals, these bacteria produced no demonstrable disease 

Other bacteria. Eight different bacteria were tested, seven of which ha 
been isolated from oysters whilst one, a yellow chromogen (319), was found as a 
laboratory contaminant. No attempt was made to fully identify any of them 
They were distinguished one from the other principally on the basis of colony and 
cellular morphology. They were arbitrarily numbered 4, 10, 12, 14, 15, 17, 18, 19 

Antibacterial activity of cultures. The experiments designed to test the extent 
of antibacterial activity and to determine in which fraction(s) of blood it resided, 
consisted essentially of (a) setting up blood culture tubes, adding known amounts 
of bacteria, withdrawing aliquots from the mixtures at successive time intervals and 
plating these on agar to determine the drop in numbers of viable bacteria; (b) 
following the same procedure with tubes containing different fractions of the blood 
such as serum with few granules, serum with many granules and with fresh, 
whole blood homogenates. The measures of antibacterial activity were (1) the 
largest initial inoculum following whose introduction into the system either no 
bacteria (or reduced numbers) were recoverable and (2) the length of time 
needed to achieve such reduction or to maintain inhibition at a constant level. 

One ml. of sterile, artificial sea water (without NaHCO.) was added to an 
agar slant containing a heavy 2448 hour (room temperature) growth of the 
organism and mixed thoroughly. In the earlier experiments, the titers of such 
undiluted suspensions of the various bacteria were determined by making pour 
plates of serial log,, dilutions in sea water agar. The resulting values for viable 
bacteria were found to be consistently in the range of 10° to 10*° cells per 0.1 ml. 
We subsequently assumed these figures for freshly prepared suspensions. Inocula 
of 0.1 ml. of various dilutions were added to the experimental and control culture 
tubes; the tubes were kept at room temperature in the rotating drum, and samples 
were taken subsequently for culture by means of a platinum wire loop. Colonies 
were counted at 24 hours. In the series of expe riments designed to yield informa- 
tion regarding the fraction(s) of blood containing the factor(s) responsible for the 
bacteria-reducing capacity of the cultures, fresh blood was aseptically explanted 
into unsiliconized Petri dishes which were then allowed to stand at room tem- 
perature for varying periods of time. A_ gel-like clot formed rapidly after 
explantation and was adherent to the bottom of .the dish as described by Loeb 

(1920). Syneresis occurred and the supernatant serum contained a minimum 
lien of free amebocyte cytoplasmic granules if drawn off within a few minutes 
after placing the blood in the dish. With stirring, this number increased steadily 
up to about two hours. Aliquots were removed from the supernate at intervals 
and the state of the granules was noted under the low and high dry powers of 
the light microscope, using blue light and no filter, with reference to shape, size, 
color, refractility and Brownian movement. 

Three terms which will have particular connotations as used throughout this 
report may need clarification. A normal granule is one which appears like those 
seen in the intact cell. It has a uniform size; the shape is spherical to slightly 
ovoid; it appears green when seen through the ordinary light microscope, using 
blue light and no filter; has high refractility and shows a characteristic amplitude 
of Brownian movement when in serum. Polymorphic granules are considered 
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Figure 1. Amebocyte culture before addition of toxin. Note the discoid granular cells. 
Light areas represent some “hyaline,” extended cells. (80 X) 

Figure 2. Same culture as in Figure 1, after addition of toxin. Amebocytes have lost 
granules and extended; many have apparently disintegrated. 
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either degenerate or pathological, may be rod- or dumbbell-shaped and may be 
larger or smaller than the normal. Translucent granules are those which have lost 
their normal high refractility. They are usually a pale yellow-green. 


RESULTS 
In vitro survival of amebocytes 


Variation in serum concentration. In the hope that a lower concentration of 
Limulus serum frequently renewed might lead to cellular growth, four different 
concentrations were tested: 10, 25, 50 and 100 per cent, some with glucose added. 
The cells remained viable for as long as 36 days at the 10 and 50 per cent con- 
centrations, but were not followed as long at the 25 and 100 per cent concentrations. 
\lthough long-term observations were not made with the 100 per cent (undiluted ) 
serum in these first experiments, it was noted that granular discoid amebocytes 
were commonly found in the undiluted serum but rarely or never at the 10 per 
cent concentration. In all cases, the number of these cells gradually diminished. 
In general, cell appearance varies from the thin, flattened, hyaline cells with no 
granules and sharp, extended pseudopod-like processes, to the extended but 
granular cells and, finally, the granular discoid amebocyte. Attempts to transfer 
the amebocytes by direct explantation, trypsinization, or the use of “Versene” 
failed. In none of the direct microscopic examinations, nor in the stained prepara- 
tions of the cultures were mitotic figures seen, nor was there any conversion of the 
amebocyte tissue into an organized growth. 

Undiluted Limulus serum was therefore used in the tests with the bacterial 
toxin, and partially degranulated cells were consistently obtained. It was found 
unnecessary to replace the nutrient medium (the serum) at any time even in 
experiments of several weeks. 

Effect of siliconized glassware. By applying silicone to the apparatus, in the 
very first experiment and in subsequent good cultures, the amebocytes were main- 
tained morphologically indistinguishable from those in the animal for as long as 
30 days in the rotating drum at room temperature without replenishment of the 
culture medium; more will be said about this in the section on interaction with 
bacteria. 

Effects of the Limulus pathogen and its toxin on the blood cultures. Since 
the generalized pathology of the disease, an intravascular clotting, can be repro- 
duced by a heat-stable toxin, the effects of this toxin on amebocytes in vitro were 
studied. As is shown in Table I, the addition of various dilutions of toxin to 
cultures of amebocytes in normal clean glassware caused prompt changes in mor- 
phology, culminating in the apparent disintegration of the cells, and the formation 
of an extracellular gel. The cells lost their granules, extended long processes, and 
assumed bizarre shapes. They are shown in Figures 1 and 2. 

In order to study these changes under higher power, a loopful of fresh undiluted 
bacterial (Vibrio) suspension was mixed with a loopful of intact amebocytes from 


Figure 3. Changes in amebocytes caused by Vibrio. Note blebs and needle-like ex 
tensions of cytoplasm, large vacuoles and nucleus displacement. (Phase, 1400 x ) 

Figure 4. Amebocytes without addition of Vibrio. The two central cells are intact 
Sceme vacuole formation is present in neighboring cells. (Phase, 1400 x ) 
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siliconized roller tubes and examined on a slide by phase microscopy at 1400 
Controls were (a) cells with the sterile artificial sea water without NaHCO,, and 
(b) cells without such dilution. 

A remarkable set of changes with the pathogen was observed. Destruction of 
the cell occurred within 5 minutes while the control cells, though definitely altered 
inasmuch as there was some pseudopod and vacuole formation, still contained 


TABLE | 





Effect of toxin on amebocytes in vitro 





Time following inoculation in hours 


i 


Dilution of toxin 


i 1 5 
Undiluted + ++ b+ 
1 x 107! + ++ +++ 
1 x 10-2 + ++ ++ 
ix 10° r ++ ++ 
1 x 10-4 0 0 0 
Control (sterile artificial sea water without 
NaHCOs;) 0 0 0 
0 = Majority of amebocytes discoid, granular. 
+ = Small fraction of amebocytes extended and agranular (‘‘hyaline’’). 
+--+ = Larger fraction of amebocytes extended and agranular; some disintegrated. 
+-+-+ = Majority of amebocytes extended and agranular or disintegrated. 


normal granules and were not greatly changed. The changes in the cells with 
the Vibrio were: 


(1) A rapid and uncoordinated protrusion and retraction of blebs of cytoplasm, 
reminiscent of pseudopod formation. 

(2) The formation of multiple intracytoplasmic vacuoles and rapid loss of 
granules from the cell. The few granules which remained in the cell seemed 
enlarged and lost their normal refractility; later the extruded granules also en- 
larged and became translucent. 

(3) Coalescence of the vacuoles into larger clear ones which occupied most 
of the cell and which often displaced the nucleus. Formation of sharp, needle-like 
extensions of the cytoplasm. 

(4) Marked ballooning of the cell and cytolysis. 

Figures 3 and 4 depict some of these changes. ; 


The addition of the Alkaligenes-like bacteria produced no comparable changes 
in intact amebocytes during the same period of time, although here, too, some 


pseudopod and vacuole formation were observed. 

An extracellular gel is present both during the normal clotting process and the 
pathological intravascular clotting (Bang, 1956). When the pathogen was added 
to the cultures, both siliconized and normal, a much heavier gel-like material 
invariably appeared in the medium and persisted as long as the cultures were 
observed. Microscopic examination showed no living cells, but a ropy network 
which enmeshed numbers of agglutinated swollen, polymorphic, translucent, spher- 
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ical or elongated bodies which probably were altered granules. Small discrete 
dark bodies were also frequently found with these. 

Antibacterial action of the discoid granular cells. When the cultures of cells on 
siliconized glass were first set up no sterile precautions were taken, and yet the 
cultures remained free of bacteria. It was therefore of immediate interest to test 
the ability of these “intact” cells to eliminate bacteria. It was found that large 
numbers of the Alkaligenes-like bacterium were rapidly eliminated by these cells, 
whereas cultures in which the cells had changed to the extended agranular type 
(unsiliconized glassware) showed reduction and inhibition of the bacteria but that 
this was temporary. Tables I] and II] summarize typical experiments. 


TABLE I] 


Effect of granular discoid amebocytes on Alkaligenes-like bacterium. Number 
of colonies recovered per loopful of fluid and tissue 


Hours after addition of bacteria 


Number of bacteria added* 


1} 6 12 24 48 72 96 120 
2.4 & 107 3 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 
0 0 0 0 
2.4 x 105 1 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 
0 0 0 0 
2.4 xX 103 0 0 0 0 0 0 0 0 
0 0 0 0 1) 0 0 0 
0 0 0 0 

Sterile artificial sea water 
without NaHCO; 0 0 0 0 0 0 0 0 
Nothing added 0 0 0 0 0 0 0 0 


* Varying dilutions of a fresh suspension of bacteria were added to the cultures. The figures 
given were determined by the pour-plate method. Three tubes were used for each dilution but 
samples were withdrawn from only two up to 24 hours. This served as a check on a possible 
influence of the sampling procedure itself. 


The apparent drop in bacterial count at 114 hours might be explained by an 
estimated dilution of about 10-° to 10-* in the taking of small samples. However, 
at 6 hours tubes of the intact system showed no bacteria and from then on none were 
recovered from the granular cells. In cultures of extended cells (Table III) 
there seemed to be some inhibition but between the 24- to 72-hour sampling the 
bacterium reappeared and, by 72 hours, confluent growth was obtained. At the 
highest dilution (8.5 x 10? bacteria) no organisms were recovered at any time. 

The experimental and control cultures were observed microscopically and 
loopfuls of fluid and tissue were examined on slides at 3%, 24 and 120 hours. 
There was no persistent gelation in the uninfected system or in those cultures which 
overcame the infection. The medium in these remained transparent and _ blue. 
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PaB_e III 


Effect of agranular extended amebocytes on Alkaligenes-like bacterium. Numbe 
of colonies recovered per loopful of fluid and tissue 


Hours after addition of bacteria 


Number of bacteria added* 


2 6 12 24 48 72 
8.5 x 105 42 } 0 1 80 Confluent 
33 9 1 0 Confluent Confluent 
75 Confluent 
8.5 « 108 10 1 0 0 50 Confluent 
5 0 0 1 100 Confluent 
3 Confluent 
8.5 x 10! 0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 
Sterile artificial sea water 
without NaHCO 0 0 0 0 0 0 
Nothing added 0 0 0 0 0 0 


* See footnote to Table II. 
Cell changes were proportional to the number of bacteria inoculated. Cultures 
inoculated with 2.4 x 10° bacteria showed a majority of degranulated and flattened 
(but living) cells; those with 2.4 x 10° organisms had approximately equal propor 
tions of degranulated and intact amebocytes, whilst the 2.4 x 10° tubes showed a 
great majority of intact cells, as did both controls. Furthermore, all cultures 
had apparently normal, free granules in the medium throughout the period of 
observation, with the greatest numbers at the highest and fewest at the lowest 
bacterial inoculum size and in the controls. Agglutinated clumps of dead bacteria 
were found in the experimental tubes. 

The granular discoid cell cultures were ineffective in preventing the multiplica- 
tion of the pathogenic Vibrio. Cultures inoculated with 10, 100, 1000 and 10,000 
viable bacteria (direct colony count) showed destructive progressive infection, all 


PaABLe I\ 


Range of antibacterial activity of intact system against 
vartous unidentified marine bacteria 


Bacterium stock number Antibacterial activity 
t 
10 
15 (slow grower) Good 
19 
14 Intermediate 


18 (slow grower) 


12 
17 


None 
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TABLE V 
Degenerative changes in amebocyte granules in serum (room temperature) 


(unsiliconized glassware) 


Time (hours) elapsed subsequent to explantation of blood 





i } 44 174 43 72 
Few free in serum; Several in serum; Many in serum; | Profuse in serum; | Profuse in serum; | Profuse in serum; 
ll normal in all normal in all normal in most normal, most polymor all polymorphic, 
h size, color shape, size, color shape, size, color | some polymor phic, translucent, | most with red 
and Brownian and Brownian and Brownian phic, translucent, | some with red tinge and altered 
wement movement movement with altered tinge and altered | Brownian move 
Brownian move Brownian move ment 
ment ment 


yielding confluent growth of bacteria 24 hours after inoculation. This experiment 
was repeated with the same result several times. 

The effect of these “intact” siliconized cultures was then studied on several 
unidentified marine bacteria (Table IV). The activity was considered good if 
1000 or more bacteria were eliminated. Thus the antibacterial activity was not 
limited to one strain of bacterium. 

Kight different bacteria were used and three dilutions per bacterium, as de- 
scribed for the Limulus nonpathogen. The activity was studied at 2, 34 and 144 
hours at room temperature. 

An attempt was made to determine which of the components within the blood 
tissue culture system produced antibacterial activity. First, using unsiliconized 
glassware, the degeneration time of the cytoplasmic granules, once they had left 
the cell, was determined. Then antibacterial measurements were made with sera 
containing minimal and maximal numbers of granules as well as with whole blood 
homogenates at room temperature and at 0° C. 


TABLE VI 


Antibacterial activity of whole blood homogenate on Alkaligenes-like bacterium at 0° C* 


Number of bacteria recovered per loopful 


Hours after addition of bacteria 


2 24 48 
Fresh homogenate + 1 X 107 bacteria Confluent 102t 100 
Controlt + 1X 107 bacteria Confluent Confluent Confluent 
Fresh homogenate + 1 X 105 bacteria Confluent 16 12 
Control + 1X 10° bacteria Confluent Confluent Confluent 
Fresh homogenate + 1 X 10* bacteria Confluent 9 7 
Control + 1 X 10% bacteria Confluent 50 Confluent 


* After 48 hours at 0° €C. all test and control tubes were returned to room temperature and 
so maintained for another 24 hours, when loopfuls were plated. Confluent growth was obtained 
in all cases. 

t Control = 2 ml. of whole blood homogenate heated at 60° C. for $ hour. 


t These figures represent the average of two experimental culture tubes. 
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Table V shows the degeneration time of the cytoplasmic granules outside 
the cells to be between 171% and 43 hours subsequent to explantation. This 
interesting because of possible correlation with the 24- to 48-hour inhibition 
bacterial growth seen in the extended cell system (Table II1) and also because th 
discoid granular cell culture shows many perfectly normal granules 120 hour: 
after addition of large numbers of the nonpathogenic Bacterium #5. 

In tests for antibacterial activity of sera containing varying numbers of granules 
and of whole blood homogenates, equivocal results were obtained until the test for 
inactivation of the bacteria by a homogenate was done at 0° C. This has been 
found favorable for the measurement of the antibacterial activity of Phascolosoma 
gouldii blood (Bang and Krassner, 1958). 

Table VI presents the results of this preliminary experiment. 


DISCUSSION 


The in vitro maintenance of Limulus amebocytes was described by Loeb 
(1920), who reported that hanging-drop cultures made from his “experimental 
amoebocyte tissue” contained well preserved cells showing ameboid movements for 
over a week, but eventually showed ‘degenerative changes.” Cultures showed 
active amebocytic migrations but no multiplication. As early as 1905 and 1906, 
the same worker had observed the preserving effects, on the cells, of solutions of 
both dilute acid and alkali in isotonic NaCl (Loeb, 1905, 1907, 1910) and had 
found (Loeb, 1907, 1910, 1928) that the irreversible conversion of discoid, 
granular amebocytes to an extended, agranular, “hyalinized” state upon ex 
posure to glass could be delayed by coating the surface with Vaseline or paraffin. 
The later publications of Loeb and associates (Loeb and Blanchard, 1922; Loeb, 
Bierman and Gilman, 1924; Loeb, Bierman and Genther, 1925; Loeb and Genther, 
1927 ; Loeb and Genther, 1928) dealt primarily with the stimulating effect of acid 
and alkali on the cell migrations (‘‘outgrowths’’ ). 

It is believed that the 30-day maintenance period for amebocytes in an intact 
state in a siliconized system, as reported in the present paper, is the longest 
recorded, as is the 36-day period of viability for amebocytes in an extended hyaline 
state. Such prolonged maintenance of cells at 20°-25° C. without change of 
medium is in itself interesting. Our results are in agreement with those of Loeb 
in that (a) undiluted Limulus serum is the best natural medium for amebocytes 
(Loeb, 1920) and (b) that no cell multiplication occurs in such cultures (Loeb, 
1920; Loeb, Bierman and Genther, 1925). 

The siliconized system seems to be well suited for conducting the various 
experiments described. The observations regarding in vitro destructive effects of 
the toxin on the cells, progressive infection of the cultures, and cell changes 
produced by the pathogenic Vibrio itself in vitro, correlate well with effects 
previously noted (Bang, 1956) in the living animal, thus providing some indica- 
tion as to the probable course of events in pathogenesis and strongly implicating the 
toxin in the production of pathology following inoculation of the organism. It 
should be noted here that Métalnikov (1927) demonstrated that injection of 
endotoxins of several different bacteria (one, even after boiling at 100° C.) were 
lethal to caterpillars of Galleria melonella. 

The suggestion has been made ( Bang, 1956) that amebocyte reactions to trauma 
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and infection are ancient and represent basic protective mechanisms. Gelation 
of the blood would serve to immobilize the bacteria. During the course of 
several experiments conducted in this investigation it was noted that, while the 
pathogenic Vibrio was motile in the siliconized cultures, the nonpathogen was 
rapidly agglutinated and killed. Thus, trauma could stimulate interactions between 
cells and fluid resulting in a clot preventing further ingress of bacteria, those al- 
ready within being killed by defensive factors in the blood. The results reported 
in the present paper indicate that defense mechanisms against hemorrhage (gela- 
tion, clotting) and against infection (production of antibacterial substance or sub- 
stances) are intimately linked in the interaction between cellular and fluid elements 
of Limulus blood. Loeb, as noted elsewhere (Bang, 1956), described two stages 
in clotting and pointed out (1902) that fibers of clotted blood are partly formed 
directly from amebocyte protoplasm. These observations were confirmed during 
the course of this work. The formation of an extracellular gel during the normal 
clotting process, during pathological intravascular clotting and following addition 
of the pathogenic ’ibrio or its toxin to siliconized or unsiliconized cultures, offers 
further evidence regarding the intimacy between the protective mechanisms. The 
in vitro gel persisted after addition of the pathogen and contained pathologically 
altered intra- and extracellular granules in large numbers. This suggests that the 
granules may be involved in some way, and is supported by the finding that they 
(a) appear normal in the media of granular cultures which have eliminated the 
Alkaligenes-like bacteria, their numbers increasing with increased bacterial inoculum 
size; (b) appear altered not only in cultures infected with the pathogen but also 
in blood from infected animals (Bang, 1956); and (c) have a degeneration time, 
in serum at 20—-25° C., of 171%4-43 hours (Table V) which may correlate well 
with the 24-48 hour antibacterial activity seen in an extended cell system (Table 
III). Finally, pretreatment (parenteral) of Limulus with the Vibrio toxin renders 
the animal more susceptible to infection with the Vibrio as well as with certain 
nonpathogenic bacteria (unpublished observation), this being presumably due to 
a lack produced by the toxin, of normal amebocytes and, possibly, of granules. 

It has been shown that the intact system alone can eliminate large numbers 
of marine bacteria of more than one strain (Table IV), which lends support to 
the thesis that the phenomenon is truly antibacterial and not simply a chance ob- 
servation. The extended cell and whole blood homogenate systems merely exhibit 
different levels of temporary antibacterial activity. An explanation may be that 
the intact system provides a steady, pump-like activity on the part of the healthy 
granular amebocytes leading to the release of some thermolabile intracellular 
component(s) into the serum long enough to kill all of the bacteria. The fact that 
as few as 10-100 pathogenic organisms can multiply and overcome the system may 
well be ascribed to the inactivating action of their toxin on the hypothetical 
intracellular component(s) and, possibly, on the granules. Its destructive action 
on the amebocyte itself has already been noted. 


SUMMARY 


1. For effective in vitro study of the defense mechanisms against bacterial 
infection of Limulus polyphemus an unsiliconized and a siliconized culture system 
tor blood cell maintenance were developed. The former contained viable but 
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partially degranulated amebocytes for at least 36 days, whilst the latter system kept 
the cells in an intact state resembling the in vivo for up to 30 days. Replenishment 
of the culture medium (undiluted Limulus serum) and use of antibiotics were found 
unnecessary. No cell multiplication was noted. 

2. The reactions of the blood elements to certain nonpathogenic and pathogenic 
marine bacteria (and to their toxin) were studied. When a pathogenic Vibrio was 
added to the siliconized system of granular, discoid cells, persistent gelation of the 
medium regularly accompanied bacterial growth, the gel containing patho- 
logically altered amebocytes and granules. While gelation is characteristic for 
shed normal Limulus blood, intact cultures—both uninfected as well as those which 
overcome the nonpathogenic Alkaligenes-like bacterium—often showed either 
absence or ephemeral presence of gel in the medium. Such cultures also contained 
normal granules and showed large clumps of agglutinated dead bacteria con- 
sistently, suggesting involvement of the gelation process in immobilization and, 
perhaps, killing of the invading organism. The culture systems were active against 
several strains of marine bacteria. Experiments with a nonpathogenic Alkaligenes- 
like bacterium showed that only the intact, granular cultures showed rapid (6 
hours at 20-25° C.) and permanent elimination of large numbers (inoculum sizes 
up to several million), the unsiliconized extended cell and whole blood homogenate 
systems merely exhibiting different levels of evanescent activity. 

3. The successful infection of the intact system, by very small numbers (10- 
100), of pathogenic Vibrio clearly established its in vitro pathogenicity. Its 
thermostable toxin caused prompt changes in the morphology of the intact 
amebocytes in culture, even at a 10°* dilution, and a phase microscopic study of 
the action of the Vibrio itself on the cells revealed rapid cellular alterations 
culminating in cytolysis. 
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THE SELECTIVE ACCUMULATION OF BLOOD PROTEINS BY THE 
OOCYTES OF SATURNIID MOTHS 


WILLIAM H. TELFER! 


Zoological Laboratory, University of Pennsylvania, Philadelphia 4, Penna 


The growing oocyte of an insect accumulates proteins from the blood, rather 
than relying exclusively on the synthetic activities of the ovaries. Wigglesworth 
(1942) demonstrated in a number of blood-sucking insects that the modified 
hemoglobin which occurs in the oocytes is derived from the blood. More recently, 
an immunologically detected protein occurring in the blood of female saturniid 
moths has been found to leave the blood during the maturation of the ovaries and 
to accumulate in the oocytes (Telfer, 1954). That such a process might be entailed 
in the growth of oocytes other than those of insects is suggested by the anti- 
genic and physical similarities between oocyte and serum proteins of chickens 
(Schechtman, 1947; Nace, 1953; Schjeide and Urist, 1956) and of frogs (Cooper, 
1948; Flickinger and Rounds, 1956). 

\ variety of other animal cells can accumulate soluble proteins from their 
environment and, of these, one of the most thoroughly analyzed has been the 
amoeba (Holter, 1959). The mechanism of protein uptake in the amoeba has been 
proposed to include two essential features: adsorption of the protein on the surface 
of the cell (Marshall, Schumaker and Brandt, 1959), and a subsequent infolding 
of the cell surface to form vacuoles (Mast and Doyle, 1934; Chapman-Andresen 
and Prescott, 1956). The latter process was first described by Lewis (1931) 
who observed mammalian cells in tissue culture ingesting their culture medium. 

An analysis of protein accumulation by the moth oocyte has been undertaken. 
Included in this analysis is an attempt to determine whether the mechanism in- 
volved is comparable to that proposed for the amoeba. Since, unlike the amoeba. 
the moth oocyte cannot be observed microscopically during the process of protein 
accumulation, studies of the mechanism must in this case be based on less direct 
methods. Evidence is presented here that most proteins in the blood of the moth 
enter the oocyte to some extent but that, from a quantitative point of view, the 
mechanism is highly selective. The bearing of this and other evidence on the 
nature of the protein accumulating mechanism will be considered in later papers. 


MATERIALS AND METHODS 


The capacities of seven proteins to enter the oocytes from the blood of the 
Polyphemus moth were assayed by means of a quantitative application of Oudin’s 
antiserum-agar technique. Two of the proteins occur in the blood of the Cecropia 
moth and normally accumulate in the oocyte of that species. This has already been 
demonstrated for one protein, which will be referred to as the “female protein,” 


1 This work was performed in part while the author was a Summer Fellow of the 
Lalor Foundation, and in part with the support of Phi Beta Psi Sorority. 
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and it is demonstrated here for a second protein found in the blood. The five 
additional proteins were derived from the blood or oocytes of animals other than 


insects. 


1. Injection of foreign proteins 


The protein preparations were introduced into diapausing female pupae of the 
Polyphemus moth which had previously been chilled for several months at 6° C. 
in order to activate the endocrine mechanism responsible for stimulating their 
transformation into moths (Williams, 1956). The Cecropia proteins were in- 
troduced into pupae by the transfusion technique previously described (Telfer, 
1954). Proteins of non-insectan origins were injected into the haemocoel from 
a tuberculin syringe through a No. 28 hypodermic needle. The volume of the 
protein solution, in milliliters, was equal to one-twentieth of the weight of the 
pupa in grams, in the case of the non-insectan proteins, and to one-fifth of the 
weight of the pupa in the case of Cecropia blood. In order to avoid melanin 
formation which can occur in the blood in response to surgical schock, ap- 
proximately 0.1 mg. of phenylthiourea was included in the solution introduced 
into each animal. 


2. Preparation of the blood and oocyte fluid of Polyphemus moths 


Oocyte growth occurs in Polyphemus primarily during the final half of the 
period of transformation of the pupa into the moth. The injected animals were 
bled at the end of this period. The blood was collected in test tubes and stored 
under mineral oil at — 20° C. The ovaries were thoroughly washed with 0.15 
M NaCl, blotted and placed in a mortar. Most of the oocytes were shaken free 
of the ovarioles during the washing procedure, and the chorions of these oocytes 
were broken by pressure applied with a pestle. The yolky contents that were thus 
squeezed out of the chorions were centrifuged at 20,000 x g for thirty minutes at 
0° C. After centrifugation, a clear, yellow, aqueous layer, which will be referred 
to as oocyte fluid, lay between a sediment and a floating, particulate layer. The 
clarified oocyte fluid occupied approximately three-quarters of the volume of the 
centrifuged oocyte contents. It was analyzed, along with the blood, for its content 
of the protein in question. Melanin formation was prevented in both blood and 
oocyte fluid by the addition of crystalline phenylthiourea. 


3. Preparation of the protein solutions for injection into Polyphemus pupae 


Commercial preparations of chicken ovalbumin, bovine gamma globulin and 
bovine serum albumin (all Pentex) were dissolved in 0.15 M NaCl at neutral pH. 
A 2% solution of a protein preparation was used for injection into pupae. 

In addition, extracts of chicken’s egg yolk and of lobster oocytes were studied. 
The chicken yolk extracts were prepared by washing several yolks free of the 
white and then breaking them in several times their volume of 0.15 M NaCl. The 
mixture was dialyzed against saline solution and finally centrifuged at 20,000 x g. 
The final preparation, which was an opalescent yellow solution, was injected into 
pupae without further dilution. Judging from the ionic strength of the extraction 
medium, this preparation should have included the protein complexes, lipovitellenin 
and livetin (Fevold, 1951). 





340 WILLIAM H. TELFER 


Lobster oocytes were obtained from ovaries dissected from living lobsters 
(Homarus americanus). Developing lobster oocytes, after passing through yellow 
and pale green phases, finally attain a dark green color. The oocytes extracted 
here were at least 2 mm. in diameter and were dark green. They were loosened 
from the ovarian wall by agitation in 0.15 MW NaCl. After being washed several 
times, the oocytes were disintegrated in a Virtis homogenizer in several times 
their volume of saline solution. The extract, after dialysis against saline and 
centrifugation at 20,000 x g, was a clear, dark green solution. The green color 
of lobster oocytes is due to ovoverdin, the carotenoid-protein complex studied by 
Stern and Salomon (1937). 

Finally, two proteins of Cecropia blood were studied. These were initially 
discovered by means of immunological techniques and were designated as antigens 
3 and 7 (Telfer and Williams, 1953). Polyphemus pupae were transfused with 
whole blood of Cecropia female pupae, which contains both of these proteins. 

Most of the non-insectan protein solutions and extracts studied were toxic to 
some of the injected pupae and in these cases death occurred within three days 
after the injection. Such pupae never initiated their development into moths. 
The surviving animals, on the other hand, transformed into moths in the usual 
three-week period of time. Their ovaries produced eggs which appeared to be 
normal in size and structure, although sometimes reduced in number. Three 
preparations, bovine fibrinogen, phosvitin from hen’s eggs and hemocyanin from 
lobster blood, were toxic to all pupae injected, and efforts to study the uptake of 
these proteins by the oocytes were therefore abandoned. 


4. Immunological procedures 


Antisera were obtained from rabbits. The reaction between a protein and its 
antibodies was studied by means of the antiserum-agar technique developed by 
Oudin (1948) and previously applied to the study of insect blood and oocyte 
proteins (Telfer and Williams, 1953; Telfer, 1954). A rabbit antiserum was 
solidified with agar in glass tubes (3 mm. i.d.) and was then overlayered with 
the blood, oocyte fluid or other sample whose content of the homologous protein 
was being tested. The antiserum was diluted to an appropriate level with 0.15 
M NaCl buffered at pH 7.0. The rate of advance of the zone of antigen-antibody 
precipitation through the antiserum-agar (distance travelled/square root of time) 
was used as an index to the concentration of the protein serving as the antigen. 
The rate of advance of a zone of precipitation was converted to the relative con- 
centration of the corresponding protein in the antigen layer by reference to a 
standard curve. Standard curves were constructed for each protein studied by 
determining the rate of advance of the zone of precipitation produced by a series 
of dilutions of a solution of the protein. 

Precautions were taken which were previously recommended (Preer and Telfer, 
1957) for reducing the effects of substances not involved in the reaction on the 
rate of advance of the zone of precipitation: in order to eliminate errors due to 
viscosity differences, the composition of the antiserum-agar was kept constant in 
any set of tests; and all tests were set up so that convection mixing occurred in the 
antigen layer (tubes vertical, antigen layer above the antiserum-agar, and the 
density of the antigen layer greater than that due to the diffusible components of 
the antiserum-agar ). 


| 
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In addition, it was demonstrated that samples of oocyte fluid, blood and 0.15 
M NaCl, which were known to contain equal concentrations of an antigen, 
produced zones of precipitation with the same rates of advance (Table 1). There- 
fore, with the exception of possible special cases, the Oudin test as applied here 
provided a valid criterion for comparing antigen concentrations in the blood and 
oocyte fluid of the moth. 


5. Antigenic characteristics of the foreign proteins 


All of the preparations of non-insectan proteins, except the lobster oocyte 
extract, on reacting in Oudin tubes with a 1:3 dilution of their homologous 
antisera produced a single dense zone of precipitation and, in several cases, ad- 
ditional weak zones. In order to achieve maximum sensitivity for the detection of 


TABLE I[ 


Comparison of the oocyte fluid and blood of Polyphemus moths as solvents for ovalbumin 
in antiserum-agar tests. Antigen solutions were layered 
over a 1:3 dilution of anti-ovalbumin serum 


Rate of advance of the zone of precipitation when ovalbumin was diluted with 


Dilution of a 2% ovalbumin — tac aetna mca sania — . icant panini 
solution in antigen layer 
Oocyte fluid Blood 0.15 M NaCl* 
X 10-2 cm.-sec.~4 X 1073 cm.-sec.~? X 10-3 cm.-sec.~4 
i232 3.2 3.2 3.3 
f22Z 2.9 3.1 
1:4 a8 2.8 2.8 
1:8 ad 25 
1:16 2.2 om ao 
1:32 1.9 1.9 
1:64 1.6 1.6 1.7 
1:128 1.3 1.3 
1:256 1.1 1.1 ‘3 





* Since 0.15 4 NcCl is less dense than the 1:3 dilution of antiserum, the Oudin tubes were 
placed horizontally in this case in order to assure convection in the antigen layer. 


these antigens in Polyphemus blood and oocyte fluid, the antisera were diluted as 
much as was consistent with a clear visualization of the densest zone of precipitation. 
As a result, the weaker zones were generally not visible and information was thus 
obtained concerning only the antigen producing the densest zone. Two dense 
zones were visible in the reaction between the lobster oocyte extract and its 
homologous antiserum. Since the densities and rates of advance of these two 
zones were extremely similar, they were treated as a single zone and the rate of 
advance was determined only for the faster of the pair. 


RESULTS 
1. Demonstration of an oocyte antigen which is indistinguishable from a carotenoid 
protein of the blood 
Evidence that Cecropia oocytes contain a protein which is antigenically similar 
to the female protein of the blood was described earlier (Telfer, 1954). Ob- 
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servations are described here which indicate that, in addition to the female protein, 
one of the several carotenoid proteins of the blood also has an antigenic counterpart 
in the oocyte. 

Adult antiserum d, a pooled antiserum obtained from three rabbits which had 
been immunized with an extract of Cecropia female moths, produced two zones of 
dense precipitation when overlayered in Oudin tubes with either the oocyte fluid 
or the blood of female moths. One of these zones was not ordinarily produced by 
male blood and was thus identifiable as resulting from the precipitation of antigen 7, 
the female protein. The second, more slowly moving zone was due to precipitation 
of a substance previously designated as antigen 3 and characterized as a carotenoid 


rotein. This identity was established in mutual dilution tests (Telfer and 
| 
ABLE I] 
The rates of advance of the two major zones of precipitation appearing when antiserum-agar 
taining adult anti-serum d (1:3) was overlayered with graded mixtures 
of oocyte fluid and the blood of female pupae 
( I t I { 
intigen | 
blood Rate of advance of the zone of precipitation due to 
te } Female protein Carotenoid protein 
100 
2.01 * 10°% cm.-sec.~3 .26 X 107% cm.-sec.~? 
0 
87.5 
; 2.04 1.29 
12.5 
75 
2.11 1.29 
5 
50 7 
_ 2.17 1.35 
50 
5 
~ 2.23 1.41 
75 
12.5 
2.23 1.44 
87.5 
0 
2.28 1.49 
100 


Williams, 1953) in which aliquots of a sample of pupal blood were layered over 
graded mixtures of adult antiserum d and adult antiserum a, the antiserum whose 
reaction initially distinguished the carotenoid protein. 

That the two zones of dense precipitation produced by oocyte fluid, on the one 
hand, and female blood, on the other, were due to related antigens was indicated 
by the results of mutual dilution tests. When graded mixtures of pupal female 
blood and oocyte fluid were layered over adult antiserum d, the two zones of 
dense precipitation behaved as shown in Table II. The rate of advance of each 
zone shifted gradually from that in the tube containing only blood to that con- 
taining only oocyte fluid. There was no detectable splitting, fusion, or crossing of 
the two zones. With regard to the precipitations visible in these tests, one can 








BLOOD PROTEINS IN OOCYTES 343 


therefore conclude that, as in the case of the female protein zone, the antibodies 
which form a single zone of precipitation with a carotenoid protein of the blood 
also form a single zone of precipitation with an antigen diffusing from the oocyte 
fluid. 

\bsorption tests provided additional evidence that the oocyte fluid contains an 
antigen similar to the carotenoid protein of the blood. Immunization of four 
rabbits with oocyte fluid and of three rabbits with female pupal blood led in every 
case to the production of antibodies which, according to mutual dilution tests with 
adult antiserum d, precipitated both the female and carotenoid proteins of the blood. 
All of these antisera, on absorption with an equal volume of a 1:10 dilution of 


TABLE III 


Absorption of antisera against Cecropia oocyte fluid with the blood of female pupae 


Zones of precipitation produced when oocyte fluid was layered over agar containing 
Fee ters . Unabsorbed antiserum Antiserum absorbed with blood of female pupae 
final dilut 
1:3 in all cases 
Intensity of Rate of advance Intensity of Rate of advance 
precipitation precipitation 
XX 1073 cm.-sec. 4 x 1073 cm.-sec.~? 
Oocyte fluid a Weak 2.17 Weak 2.20 
Strong* 2.04 Weak 24 
Strong** 1.16 Weak 0.81 
Oocyte fluid 6 Weak 2.26 Weak 2.19 
Strong* 1.59 Weak 1.55 
Strong** 1.36 
Oocyte fluid « Weak 2.17 Weak 2.31 
Strong* 2.10 
Weak 1.36 
Strong** 0.99 


i) 
ww 
oo 


Oocyte fluid d Weak 2.30 Weak 
Strong* is 
Strong ** 1.2 


* Zone of precipitation of the female protein (antigen 7). 
** Zone of precipitation of the carotenoid protein (antigen 3). 


oocyte fluid, lost their capacity to precipitate either blood or oocyte antigens in 
Oudin tests. Thus the oocyte fluid contains antigenic counterparts of all the sub- 
stances, including the carotenoid and female proteins, detected in the blood with 
these four antisera. 

Absorption of the antisera with female blood led to different results. As would 
be anticipated, the absorption of female blood antisera with pupal female blood 
removed all of the antibodies visibly precipitating either blood or oocyte antigens in 
Oudin tests. However, antisera against oocyte fluid, after absorption with female 
blood, retained the capacity to form from one to three zones of weak precipitation 
when overlayered by oocyte fluid (Table IIT). 
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Absorption tests thus indicated that the oocyte contains, in addition to the blood 
antigens precipitated by these antisera, at least three antigens which have not been 
detected in pupal female blood. The fastest zone produced when oocyte fluid 
reacted with the blood-absorbed antisera had, in each case, an intensity and rate of 
advance similar to the fastest zone produced by the unabsorbed antiserum. Oocyte 
antisera a and b produced additional zones whose failure to appear in the reactions 
with unabsorbed antisera was probably due to masking by the faster and denser 
zone of female protein precipitation (Table II]). An alternative possibility of 
interest to the present problem is that at least one of these zones could have been 
due to residual antibodies against the oocyte’s carotenoid protein—antibodies whose 
failure to react with the carotenoid protein of the blood would thus indicate an 
antigenic difference between the carotenoid proteins of the blood and of the oocyte. 
If this were the case, however, the amount of antibody involved was small in 
comparison with the total amount of carotenoid protein antibodies present in un- 
absorbed antiserum. The weak zones produced by a 1:3 dilution of the unabsorbed 
antiserum were comparable in intensity to the carotenoid protein precipitation in 
1:30 dilutions of unabsorbed antiserum. Thus, at least 90% and possibly all of 
the antibodies precipitated by the carotenoid protein of the oocyte were also 
precipitated by the carotenoid protein of the blood. 

Mutual dilution and absorption tests therefore led to the conclusion that the 
oocyte fluid contains a substance which is antigenically similar to and probably 
identical with antigen 3, a carotenoid protein of the blood. 

2. The relative concentrations of the carotenoid and female proteins in the oocyte 
fluid and the blood of Cecropia moths 


The concentrations of the carotenoid and female proteins in both the oocyte 
fluid and the blood were estimated from the rates of advance of their respective 
zones of precipitation. When the oocyte fluid and blood collected simultaneousl) 
from the same moth were layered over a 1:3 dilution of oocyte antiserum ¢ in 
Oudin tubes, the zones of carotenoid protein precipitation advanced through the 
antiserum-agar at approximately equal rates. The zone of female protein pre- 
cipitation advanced through the agar considerably faster from the oocyte fluid than 
from the blood, a result which is in accord with earlier observations on the female 
protein zone and which can be attributed to a disparity in concentration of this 
protein between the blood and the oocyte fluid (Telfer, 1954). Reference of the 
rates of advance of these zones of precipitation to standard curves yielded the 
relative antigen concentrations summarized in Table IV. This interpretation of 
the rates of advance led to the conclusion that the carotenoid protein is approxi- 
mately equally concentrated in the oocyte fluid and blood of the moths, while the 
femael protein is, on the average, twenty-eight times more concentrated in the 
oocyte fluid than in the blood. 


3. The accumulation of Cecropia blood proteins by Polyphemus oocytes 


Evidence that the carotenoid protein of the oocyte has its origin in the blood, 
rather than being synthesized in the ovary, was obtained from experiments in 
which the blood of Cecropia pupae was injected into female Polyphemus pupae. 
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PABLE IV 


Relative concentrations of the female and carotenoid proteins in the oocyte fluid 
and in the blood of female Cecropia moths 


Ristedi i Concentration ratio 
Relative concentration ot elative concentration of oocyte fluid 


emalte protein arote c rote _ 
pista i ile protei carotenoid protein ( blood ) 
Oocyte fluid Blood Oocyte fluid Blood Fem. prot. Carot. prot. 
1 1.15 0.03 1.00 0.77 38 1.3 
2 0.93 0.03 0.85 0.81 38 1.1 
3 1.05 0.06 = | 1.45 1.25 18 1.2 
4 0.90 0.04 0.81 0.81 21 | 1.0 
5 0.76 0.03 | 29 | - 
6 1.15 0.04 0.66 1.20 31 8 
7 1.05 0.06 1.12 1.20 19 1.9 
8 1.05 0.03 0.71 1.35 37 0.5 





Mean 28 1.1 


When these animals had transformed into moths, their oocyte fluid and blood 
were obtained and were layered over adult antiserum d which had previously been 
absorbed with the blood of Polyphemus female pupae. After absorption in this 
manner, the antiserum retained its capacity to produce its two major zones of 
precipitation when overlayered with female Cecropia pupal blood, although, due to 
the removal of some antibodies, the zones were somewhat reduced in intensity. 
Thus Polyphemus blood contains substances which are antigenically similar to both 
the female and carotenoid proteins of Cecropia but which are distinctive enough 
so that they are unable to precipitate all of the antibodies against the Cecropia 
proteins. 

Studies of the amount of the two Cecropia proteins in Polyphemus blood or 
oocyte fluid require that the rate of advance of the Cecropia protein’s zone of 


TABLE V 


The relative concentrations of Cecropia’s carotenoid and female proteins 
in the oocyte fluid and blood of Polyphemus female moths 


Concentration ratio 


Relative concentration of Relative concentration of oocyte fluid 
female protein carotenoid protein ( — oa) 
Animal no. slood 
iniieeniiiaaeal - |_——_____—_—___ eam 
Oocyte fluid Blood Oocyte fluid Blood | Fem. prot. | Carot. prot. 
1 1.1 0.05 1.0 0.7 22 1.4 
2 1.1 0.05 0.5 0.6 22 1.0 
3 i 0.05 0.8 0.7 30 | 1.1 
4 0.7 0.05 0.8 0.4 14 2.0 
5 1.0 0.05 0.4 0.8 20 0.5 


Mean 21 1:2 
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precipitations be unaffected by the Polyphemus proteins present in the antigen 
layer. This requirement was found to be fulfilled: the blood of Polyphemus 
female pupae was indistinguishable from 0.15 M NaCl as a diluent for the two 
Cecropia antigens reacting with the Polyphemus-absorbed antiserum. Thus, the 
Oudin test could be used to indicate not only the presence, but also the concentra- 
tions of these two Cecropia proteins in Polyphemus moths. 

Both the blood and the oocyte fluid of Polyphemus moths which had _ been 
transfused with Cecropia blood produced the two characteristic zones of dense 
precipitation in Oudin tests with the Polyphemus-absorbed adult antiserum d. 
The carotenoid and female proteins of Cecropia therefore found their way into 
the Polyphemus oocytes from the blood, an observation which has already been 
reported for the female protein. 

When the rates of advance of the two zones of precipitation were converted 
to the relative concentrations of their respective antigens, the results recorded in 
Table V were obtained. The distribution of Cecropia’s female and carotenoid 
proteins between the blood and oocytes of Polyphemus was approximately the 
same as their normal distribution in Cecropia (Table IV). This result suggests 
that neither the carotenoid protein nor the female protein of the oocyte fluid is 
synthesized in appreciable amounts in the ovary, but that both are derived 
primarily, and perhaps exclusively, from the blood. 


4. Similarities between other antigens of the oocyte fluid and blood 


The demonstration that the carotenoid and female proteins of the oocyte fluid 
are derived primarily from the blood raises the question as to whether other blood 
proteins participate in oocyte formation. The reactions of Cecropia oocyte fluid 
with adult antiserum a and with larval antiserum c suggest that this is the case. 
These two antisera have been shown to react with a minimum of six different 
Cecropia blood proteins, one of which is the carotenoid protein studied here (Telfer 
and Williams, 1953). In Oudin tests, each antiserum produced up to seven zones 
of precipitation when overlayered by Cecropia oocyte fluid. After absorption with 
equal volumes of a 1:10 dilution of oocyte fluid, none of the antisera was able to 
produce zones of precipitation when overlayered with Cecropia pupal blood. 
Substances which are antigenically similar to at least five blood proteins, in ad- 
dition to the female and cartenoid proteins, are therefore present in the oocyte 
fluid. This result is consistent with the possibility that many, or even all, of the 
proteins normally present in the moth’s blood enter the oocyte fluid to some 
extent, although synthesis in the ovary has not yet been ruled out in all these cases. 


5. The accumulation of non-insectan proteins by Polyphemus oocytes 


Less equivocal evidence that the oocytes can accumulate blood proteins other 
than the female and carotenoid proteins was obtained from experiments in which 
five antigens which are completely foreign to the moth were injected into the blood 
Neither the blood nor the oocyte fluid of uninjected moths produced zones of 
precipitation in Oudin tests with antisera against the five non-insectan antigens 
studied. Therefore, the appearance of the antigenic activity of the injected protein 
preparations in the oocyte fluid could be interpreted as due to accumulation from 
the blood, rather than to synthesis in the ovary. 
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Of the five antigens injected into Polyphemus pupae, four were detectable in 
Oudin tests in both the blood and the oocyte fluid of the subsequently emerging 
moths. Only the major antigenic component of the chicken’s yolk extract was 
undetectable in the oocyte fluid. The conclusion thus seems warranted that most 
proteins present in the blood are accumulated to some extent by the oocyte. 

The relative concentrations of the foreign antigens in the oocyte fluid and blood 
were estimated from the rates of advance of their zones of precipitation (Table V1). 
The concentration of Cecropia’s female protein in Polyphemus oocyte fluid, relative 
to its concentration in the blood at the conclusion of egg formation, was approxi- 
mately 200 times greater than that of the non-insectan proteins. Thus, while 


TABLE VI 


Relative concentrations of foreign antigens in the oocyte fluid 
and blood of Polyphemus moths 


Concentration ratio (oocyte fluid/blood) 


Antigen Number 


of cases 
Mean Range 
Cecropia female protein 21 14-30 5 
Cecropia carotenoid protein 2:2 0.5-2.0 5 
Bovine gamma globulin 0.19 0.08-0.60 6 
Bovine serum albumin 0.07 0.06-0.11 7 
Ovalbumin 0.07 0.04-0.13 4 
Lobster oocyte antigen (probably ovoverdin) 0.10 0.06-0.16 7 
Chicken yolk antigen (probably lipovitellenin) | Undetectable in 0.03—0.20 4 


oocyte fluid 


most proteins in the blood appear to enter the oocyte to some extent, different 
proteins vary greatly in their capacity to do so. 


6. Localization of the blood proteins within the oocyte 


The oocyte fluid analyzed in the Oudin tests described here consisted primarily 
of a solution derived from the breakdown of the yolk bodies. When whole oocytes 
were centrifuged at 20,000 x g, the strata which were formed within the chorion 
appeared different from the strata produced by the centrifugation of crushed 
oocytes. While a centripetal layer presumably consisting of fatty materials was 
formed in both cases, a non-particulate intermediate layer comparable to the 
clarified yellow fluid of crushed oocytes was not produced in whole oocytes. More 
than 90% of the volume of centrifuged whole oocytes was occupied by a sediment 
which, on dissection, was seen to consist of yellow spheres whose diameter ranged 
up to greater than 20 microns. Since more than three-quarters of the volume of 
crushed oocytes forms a clear, yellow liquid on centrifugation, it appears that the 
yellow spheres of undamaged oocytes are liquified when the eggs are crushed with 
a mortar and pestle. The nature of these particles, which we presume to be the 
yolk spheres of the cytologists (Wilson, 1925), will be considered in more detail 
in a later paper. 

While the oocyte fluid presumably contained the non-particulate ooplasm and 
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fractions of any less voluminous particles which may have been damaged when the 
yolk was being expressed from the chorion, its primary constituent must have been 
lysed or liquified yolk spheres. The possibility thus appears that the proteins 
derived from the blood may be localized in the yolk spheres of the oocyte. This 
proposal is confirmed by the fact that the yolk spheres are colored bright yellow, 
for at least one of the proteins found here to be accumulated by the oocyte is a 
carotenoid protein which contributes to the yellow color of the blood. 


DIscUSSION 


The oocytes of saturniid moths have now been demonstrated to accumulate 
the female protein and a carotenoid protein from the blood. Antigenic similarities 
between the oocyte fluid and the blood suggest that other proteins which normally 
occur in the insect’s blood may also be accumulated by the oocyte, although in 
these cases synthesis within the ovary has not been excluded. In addition, four 
proteins of non-insectan origin, after injection into the blood, have been found in 
the oocyte. Thus far, the only protein which has not been detected in the oocyte 
after injection into the blood is one derived from chicken yolk extract. Whether 
some feature of the uptake mechanism prevents the accumulation of this molecule 
or whether, in the course of accumulation, its antigenic properties are destroyed 
has not been determined. In experiments similar to some of those described 
here, Knight and Schechtman (1954) demonstrated that foreign proteins pass 
from the serum to the ovum of chickens. 

There are large differences in the quantitative distribution of the various 
proteins between the oocyte fluid and blood. The data (Table VI) suggest that 
the mechanism of accumulation is uniquely adapted to the removal of particular 
proteins from the blood, and that others, such as the non-insectan proteins injected 
into the pupa may, in effect, be carried into the oocyte as contaminants. This 
interpretation presumes that the oocyte fluid: blood concentration ratios measured 
here are determined primarily by the capacity of the protein in question to penetrate 
the various cellular layers of the ovary and the surface of the oocyte. However, 
other events occurring within the injected insect could also affect this ratio and 
these must be considered in any attempt to apply the ratio of concentrations to an 
analysis of the protein accumulating mechanism. 

Structural alterations which occurred in a protein molecule during or after 
its entry into the oocyte could, by affecting the rate of advance of the corresponding 
zone of precipitation, lead to gross errors in determinations of its distribution ratio. 
Such alterations could act in two ways: by altering the protein’s antigenic properties 
and thus its capacity to combine with antibodies, or by altering its diffusion 
coefficient. A significant alteration in antigenic properties during the accumula- 
tion of the carotenoid and female proteins can be ruled out, since as is shown 
here, the blood and oocyte representatives of these proteins are extremely similar, 
and are possibly identical in their capacity to precipitate antibodies. It is also 
unlikely that the antigenic activities of the non-insectan proteins studied were 
grossly modified during their accumulation by the oocytes. In these cases, the 
zones of precipitation produced by the blood and oocyte fluid of the injected animals 
appeared to be equally dense and thus to entail the precipitation of comparable 
amounts of antibody. Antigenic changes which might not have been detectable by 








BLOOD PROTEINS IN OOCYTES 349 


this criterion could not account for the 200-fold differences observed in the oocyte 
fluid: blood concentration ratios of the proteins studied here. In a later paper, 
data will be presented which indicate that a change in diffusion coefficient does not 
occur during the transfer of either the female or carotenoid protein from the blood 
to the oocyte. It is therefore improbable that the distribution ratios measured for 
the seven proteins under consideration were subject to errors resulting from 
molecular alterations associated with the process of accumulation. Knight and 
Schechtman (1954) found that, in the chicken also, foreign proteins injected into 
the serum were not detectably altered by transmission to the ovum. 

A protein’s distribution between oocyte fluid and blood could be affected by 
secondary processes which are unrelated to the transfer mechanism: processes such 
as adsorption on an insoluble structure in the oocyte, or a selective destruction in 
the blood or other tissues after accumulation by the oocyte has been completed. 
While such processes may occur to some extent, the following observations indicate 
that the difference between the oocyte fluid: blood concentration ratios of the fe- 
male and carotenoid proteins does in fact reflect a difference in their capacity to 
penetrate the oocyte. During the period of maximal oocyte growth, the con- 
centration of female protein in the blood decreases 80%, while that of the carotenoid 
protein decreases only 20-25% (Telfer and Rutberg, 1960)—a difference which 
is readily accounted for by the female protein’s being removed from the blood 
at a faster rate than the carotenoid protein. In addition, selective accumulation of 
the female protein can explain the effects of ovariectomy on the blood of female 
moths (Telfer, 1954). The electrophoretic pattern of the blood of moths which 
had been ovariectomized as pupae was similar to that of the blood of normal moths 
except for the fact that the moths which had not been allowed to produce eggs 
contained excessive amounts of a component possessing the electrophoretic mobility 
of the female protein. Comparisons of the female and carotenoid proteins thus 
established that the moth oocyte does not accumulate all proteins in proportion to 
their concentrations in the blood, but that the transport mechanism is characterized 
by a high degree of selectivity. 

Selectivity of accumulation suggests that the protein transport mechanism may 
be more complex than could be accounted for alone by free diffusion from the 
blood to the oocyte. In two other cases of protein transport, it has been necessary 
to conclude that a protein combines temporarily with some element of the transport 
mechanism. Such a step has been postulated in order to explain the selectivity 
and competition demonstrated in the transmission of maternal antibodies to the 
foetus and the new-born of a number of species of mammals (Brambell, Halliday 
and Morris, 1958). In addition, adsorption of protein on the surface of an amoeba 
undergoing pinocytosis is convincingly suggested by kinetic and cytological evidence 
(Schumaker, 1958; Brandt, 1958). 

Several mechanisms could be proposed to account for the selectivity of protein 
accumulation by the oocyte of the moth. Included among these is a temporary 
adsorption on the cell surface, as has been proposed for the amoeba. Adsorption 
on an intracellular structure such as the yolk spheres is not ruled out, however, 
nor is selective permeability of one of the various cellular envelopes which separate 
the oocyte from the blood. Distinguishing which of these possibilities may be 
correct must await further characterization of the uptake mechanism. 
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\ final point which the protein accumulating mechanism of the moth oocyte 
may have in common with that of the amoeba is the intracellular disposition of 
the acquired protein. In both cases, the protein is associated to a major extent 
with cytoplasmic particles: pinocytic vacuoles in the amoeba and yolk spheres in 
the oocyte. Proteins with the antigenic properties of serum proteins are also 
associated with the yolk platelets of the amphibian oocyte (Cooper, 1948; Flickinger 
and Rounds, 1956). It may thus prove possible to establish a homology between 
these cytoplasmic structures with regard to their function in protein accumulation 
from the environment. 

SUMMARY 


1. At least seven proteins detectable by immunological techniques in the blood of 
the Cecropia moth have antigenic counter-parts in the oocytes produced by the 
female moth. While several oocyte antigens are undetectable in the blood of the 
female pupa, all of the proteins thus far observed in the blood are also present in 
the oocyte. Four out of five proteins of non-insectan origins, after being injected 
into the blood of the Polyphemus moth were detectable in the oocyte. Thus, the 
oocyte appears to accumulate almost all of the proteins present in the blood. 

2. When the blood of Cecropia is injected into females of the Polyphemus 
moth, antigen 7, the “female protein,” and antigen 3, a carotenoid protein, become 
distributed between the blood and the oocytes of the host in a manner quantitatively 
similar to their normal distribution in Cecropia. These two oocyte proteins may 
therefore be derived exclusively from the blood, rather than being synthesized to 
an appreciable extent in the ovary. The capacity of these proteins to combine 
with homologous antibodies was not detectably altered during their transmission 
from the blood to the oocyte. 

3. Measurements of the concentrations of several proteins in the oocyte, relative 
to their concentrations in the blood, indicate that the mechanism of protein ac- 
cumulation is selective. Of the proteins studied, the female protein was the most 
avidly accumulated, while the non-insectan proteins were detectable in the oocyte 
in relatively small amounts. 

4. The proteins derived from the blood are probably localized primarily in the 
yolk spheres of the oocyte. Protein accumulation in this case therefore entails both 
the penetration of the oocyte surface and association with a cytoplasmic particle. 
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THE EFFECTS OF BLOOD PROTEIN DEPLETION ON THE 
GROWTH OF THE OOCYTES IN THE CECROPIA MOTH 
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During the final two weeks in the metamorphosis of the Cecropia moth the 
oocytes enter a period of yolk formation, in the course of which their volume 
increases 400-fold. The growth of the oocyte during this period is not dependent 
exclusively on the synthetic activities of the ovary, but also entails the transfer 
of proteins from the blood to the yolk (Telfer, 1960). An analysis of the 
mechanism of protein transfer and its role in the formation of yolk has been un 
dertaken. We describe here some effects of depleting the blood of two prospective 
yolk proteins on the growth of the oocyte and on the composition of its yolk. 
\dvantage was taken of the decrease which normally occurs in the concentration 
of the two proteins during the period of yolk formation. 

The growth rate of the oocyte is interpreted here as an index to its rate of 
yolk formation. The Cecropia oocyte belongs to that class of eggs in which the 
yolk inclusions constitute the primary mass of the cytoplasm: centrifugation at 
20,000 x g yields a stratum of protein yolk spheres which occupies more than 90% 
of the volume of the oocyte. In such a case, gross changes in the rate of yolk 
formation should be conspicuously reflected in the growth rate of the oocyte. 

Determinations of the growth rate of an oocyte, as with other internal structures 
of an organism, are handicapped by difficulties in measurements of the time axis. 
In the present case, it would be desirable to measure the individual oocyte at 
successive times in its period of yolk formation. However, the oocyte must be 
dissected from the moth in order to be measured and its capacity for further 
development is thereby destroyed. A second approach would be to measure the 
size of the oocytes in a large number of ovaries which varied only in the chrono- 
logical stage of their development, and this procedure proved feasible for the 
Cecropia oocyte. The correlation between ovarian development and the stage of 
the moth’s metamorphosis was found to be sufficiently precise so that we were 
encouraged to estimate the time of yolk formation from the directly observable 
time of metamorphosis. 

METHODS 


1. Determination of the time of development 


The sequence of developmental changes used in determining the time of the 
moth’s metamorphosis is described in Table I. The earliest developmental stage 
recognized with precision was the darkening of the tarsal claws which can be seen 
through the pupal cuticle with the aid of a dissecting microscope. In Schneiderman 
and Williams’ (1954) timetable for the development of Cecropia males, tarsal claw 
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darkening is listed as occurring 13 days after the initiation of the pupa’s develop- 
ment into the moth. We arbitrarily designated this stage as day 13 for the female 
also, and subsequent stages of development were timed accordingly. Our timetable 
is hased on the rate of development at 25° C., the temperature at which all animals 


were maintained. 


2. Dissection of the ovaries and determination of oocyte volume 


[he ovaries were dissected from 70 females in the last half of their transforma- 
tion from pupae into moths. The weights of the animals dissected were within 
the range of 4.5 to 5.5 grams, and it should be emphasized that the timing and 
magnitude of the changes described are probably valid only for animals within 
this size range. The final stages of the dissection and measurements of the size 
of the oocytes were completed with the ovaries immersed in 0.15 M NaCl. While 
the measurements were generally completed within an hour after the dissection had 


TABLE I 


Characters used in determining the time of development of the female pupa into a moth 


Days of development 


at 25° C. Diagnostic characters 

13 Tarsal claws darken 

13-14 Antennal rami darken 

15-16 Spines on genitalia turn from white to reddish brown 

16-17 Developing ovarian tracheae become lined by a cuticular thread demon- 

strable by teasing the tracheae apart 

18 Ovarian tracheae become air-filled and thus appear silvery 

18-19 Initiation of fore-wing pigmentation: lateral spots appear 
19 Advanced wing pigmentation; lateral abdominal pigmentation visible 
21 Cuticle softened over facial region 
22 Cuticle crisp 
23 Eclosion 


been begun, neither swelling nor shrinking of the oocytes was visible in ovaries 
which had remained for as long as 4 hours in the saline solution. 

The paired ovaries ccntain a total of 8 tubular ovarioles, one of which was 
selected for study from each animal. Since there was little obvious variation 
among the ovarioles with regard to the number or size of the oocytes they con- 
tained, the ovariole to be studied was selected at random. The only exceptions to 
this procedure were the omission of occasional ovarioles which obviously differed 
from their seven partners. 

\ single Cecropia ovariole generally contains from 30 to 50 oocytes in varying 
stages of development (Fig. 1). Their volumes were estimated, beginning with 
the most mature oocyte, which is located at the posterior end of the ovariole, and 
ending with the smallest oocyte which contained visible yolk. The presence of 
yolk was recognized through a dissecting microscope by the fact that it renders the 
cytoplasm opaque and colors it yellow. The termination of growth coincides with 
the secretion of the chorion. This event was detected by two criteria: since the 
chorion is opaque and colorless, it causes the oocyte to appear progressively paler 
as it is laid down over the yellow yolk; in addition, the chorion forms a rigid crust 
on the surface of the oocyte which thus loses its elastic response to probing. 
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The volume of an oocyte was calculated from measurements of its line 
dimensions. The shape of a growing oocyte approximates an ellipsoid with tw 
equal axes. The disparate axis is the longitudinal one, or that which coincic 
with the axis of the tubular ovariole (Figs. 1 and 2). Although the nurse cel 
accompanying each oocyte tend to flatten its anterior end (Fig. 2) and thus caus: 
some deviation from the shape of an ellipsoid, this effect is progressively reduced 
as the oocyte enlarges and is undetectable during the last three-quarters of the 
volume increase. Therefore, the volume of a growing oocyte could be estimate 
by measuring its longitudinal and transverse diameters with a filar micrometer ar 
by solving the appropriate equation for the volume of an ellipsoid. 





Figure 1. An ovariole dissected from a female Cecropia on the seventeenth day of its 
transformation from a pupa into a moth. The individual oocytes lie in sequence with the 
largest at the posterior end of the ovariole. Small fragments of fat body adhere to the outer 
wall of the ovariole 

Figure 2. Several oocytes which were removed from the ovariole shown in Figure | 
The five nurse cells form a transparent cap at the anterior end of the smaller oocytes. At 
the lower left is an oocyte which is nearing maturity. Magnification, 20 


The most convenient index to the size of the mature oocyte was its weight, 
as determined with a semi-micro balance. Weighing was possible in this case 
because the rigid and comparatively impervious chorion allows the egg to be 
blotted and weighed without the loss of significant quantities of water from the 
oocyte itself. 

As in the case of the growing oocyte, the volume of a mature oocyte could 
also be calculated from measurements of its diameters. The shape of the mature 
oocyte differs from that of the growing oocyte in that its two transverse diameters 
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are unequal. By means which are not apparent, one of the transverse diameters 
increases at the expense of the other during or shortly before the process of chorion 
formation. The longitudinal diameter appears to be unaffected by this process. 
Thus, the volume of a mature oocyte was calculated with the formula for the 
volume of an ellipsoid with three differing diameters. 


3. Determinations of blood protein concentrations 


The concentrations of two antigenically defined proteins in the blood and in 
oocyte extracts were determined with the antiserum-agar technique of Oudin. The 
two proteins have been described previously (Telfer and Williams, 1953). They 
included antigen 3, one of several carotenoid proteins in the blood, and antigen 7, 
a sex-limited blood protein which occurs primarily in female pupae and moths. 
The validity of the Oudin technique for the determination of the relative con- 
centrations of these proteins has been discussed elsewhere, and in the case of the 
female protein, has been confirmed by independent methods (Telfer, 1954). 


4. Ovarian transplantations to males 


Comparisons of the effects of male and female blood on the size of the oocytes 
produced were made by transplanting ovaries to males which were then transfused 
with samples of either male or female blood. These experiments were performed 
on pupae of the Polyphemus moth. The method of CO, anaesthesia and other 
surgical procedures used are described in detail by Williams (1959). The tip 
of the abdomen was cut off from each male pupa and up to 0.5 of blood was re- 
moved through the resulting orifice by compressing the anterior end of the pupa. 
An ovary with a small amount of associated fat-body was dissected from a female 
pupa and inserted through the abdominal orifice in the male. The haemocoel of 
the male was then filled from a pipette with blood which had been obtained either 
from female pupae or from other male pupae. Finally, a piece of plastic cover- 
slip was sealed over the cpening with paraffin. The implanted ovary was dis- 
sected frem the host at the ccnclusion of metamerphesis. 


RESULTS 
1. The volumes of the oocytes in individual ovarioles 


The stage of development of an ovariole and its oocytes can be described by 
plotting the volume of the successive oocytes as a function of their position in the 
ovariole. Three examples of the relationship in the developing Cecropia ovariole 
are shown in Figure 3. In all three cases oocyte volume decreased progressively 
along the sequence of oocytes. Exceptional in this respect were the volumes of 
the first 12 oocytes in the moth which had been developing for 20 days. The fact 
that these oocytes were nearly equal in volume can be attributed to their having 
completed growth, as was indicated by their all having undergone some degree of 
chorion formation. The three examples typify the gradient in developmental stage 
seen in an ovariole during the period of yolk formation. Profiles such as these for 
animals in varying stages of metamorphosis contain the information required for 
constructing growth curves for the cocyte in any particular numerical position. 
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Figure 3. The logarithm of the volume of successive oocytes in three ovarioles. The 
stage of development of the female from which the ovariole was dissected, is indicated next 
to each curve and is expressed in days at 25° C. since the initiation of the pupal-adult molt. 


2. Oocyte growth curves 

The volume of the first, or most mature oocyte in each ovariole studied was 
plotted as a function of the morphologically determined age of the insect from 
which it had been dissected. The resulting data indicated that the logarithm of 
oocyte volume increases approximately linearly with time (Fig. 4) and _ then 
ceases abruptly at the time of chorion formation. Thus the growth of the first 
oocyte is described here as follows : 


V = ae*-**' or Log V = Log a + Dt, (1) 


in which I’ is the volume of the oocyte in mm.*, ¢ is the stage of metamorphosis 
expressed in days at 25° C., and a and b are constants. Analysis of the data by 
the methods described in Table II yielded the information that, during the one- 
week period for which data were obtained, the percentage relative growth rate 
of the first oocyte was 65 + 6% per day while its percentage increment in volume 
was 91% per day. Thus, the first oocyte nearly doubles its volume on each of at 
least 7 successive days of yolk formation. 


3. Comparisons of successive oocytes in the ovariole 


Growth curves constructed for the tenth, twentieth and thirtieth oocytes were 
similar in form to that of the first oocyte. However, the growth constants differed 
in such a manner as to suggest that yolk formation is less vigorous in the more 
anteriorly located oocytes. 

Each oocyte completes its growth at a later time than its more posterior 
neighbor. From the data on the time at which yolk formation is completed 
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Figure 4. Growth curve of the first or most posterior oocyte in the ovariole of Cecropia. 
The logarithm of the volume of the oocyte is plotted against the time of development of the 
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moth. Chorionated oocytes, ——-O——; oocytes without chorions, ——® 





(Table I1), it can be calculated that in the ovariole as a whole, each oocyte com- 
pletes yolk formation an average of 5.2 hours after its predecessor. However, there 
is a tendency for the first oocytes produced to follow each other in more rapid 
succession than the later oocytes. The average lag between successive oocytes 
was 4.2 hours for the first 20 oocytes, and was estimated to be 7.2 hours for the 
twentieth to thirtieth oocytes. 

Also varying with numerical order in the ovariole is the volume of the oocyte 
at maturity. The volume of the first oocyte was 130% of the volume of the tenth 


TABLE II 


Growth characteristics of oocytes during yolk formation 


Numerical position in ovariole 


Growth characteristic and its method of calculation 


1 10 20 30 

Mean volume (+ s.e.) of oocytes possessing chorions (mm.3) | 4.75+0.25 | 3.64+0.13 | 3.35+0.46 3.0 

b (equation 1); calculated by the method of least squares 0.28 0.23 0.21 0.18 
for the non-chorionated oocytes 

Percentage daily increment in volume 91% 70% 62° 51% 

[(Antilog 6) —1] 100% 

Percentage relative growth rate % per day) 65% 53% 48% 41% 
2.3 b) 100% 

Time when growth terminates: the value of ¢ (equation 18.6 20.1 21.9 24.9 


1) when V is the mean volume of the oocytes possess 
ing chorions (days) 
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Figure 5. The weights of mature oocytes dissected from moths which had completed 
metamorphosis. The weights of successive oocytes from six different moths are plotted as a 
function of their numerical position in the ovariole. The reference lines are arbitrarily placed 
at 4.0 mg. 


oocyte and 142% of that of the twentieth oocyte. The number of chorionated 
thirtieth oocytes was too small to permit the comparison to be extended to this 
case. The relationship between size at maturity and position in the ovariole was 
seen in a more exact manner by weighing the successive oocytes in mature 
ovarioles dissected from fully developed moths. In all six cases illustrated ( Fig. 5), 
the later oocytes tended to be smaller than the first oocytes produced. 


TABLE III 


Comparison of the b-value for the first oocyte with those for numbers 10, 20 and 30 


Numerical position 7 : Significance of difference 
of oocyte bts N trom first oocyte (p) 
1 0.28+0.025 33 
10 0.23+0.025 41 0.11 
20 0.21+0.023 43 0.04 
30 0.18+0.026 28 0.008 


Chi square test of the significance of the over-all decline; p = 0.003. 
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The value of b, and consequently the rate of growth, also decreases with in- 
creasing numerical position (Table Il). The difference in b between the first and 
the thirtieth oocytes represents a decline in the percentage relative growth rate 
from 65% to 41% per day. Statistical comparisons indicated that the decline 
observed in b was significant (Table III). 

Thus, all of the growth characteristics considered here change in such a 
manner as to suggest that yolk formation occurs with reduced vigor in the later 
oocytes produced in an ovariole. The question then arises as to whether this is 
a direct consequence of a depletion in the supply of prospective yolk proteins 
available in the blood. 
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Figure 6. Changes in the relative concentrations of two proteins in the blood during 
the last ten days of the pupal-adult transformation. Upper curve is for antigen 3, a carotenoid 
protein. Lower curve is for antigen 7, the female protein. A relative concentration of 1.0 
is arbitrarily set as the maximum concentration of each protein in the blood. 


4. Changes in the concentrations of two blood proteins during yolk formation 


Most, and possibly all, of the moth’s blood proteins are deposited in the yolk 
to some extent, and of those studied quantitatively, the female protein is the most 
avidly accumulated (Telfer, 1960). It would seem reasonable, therefore, that 
depletion of the available blood proteins, and of the female protein in particular, 
could affect the growth characteristics of the oocytes. That the concentration of 
the female protein in the blood decreases during the last half of the transformation 
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of the pupa into a moth has already been demonstrated (Telfer, 1954). A mor 
precise determination of the timing of the decrease is described here, as well as 
a comparison with the less readily accumulated carotenoid protein. 

The results indicate (Fig. 6) that the concentration of female protein 
creases approximately 80% during the period of yolk formation. The concentra 
tion of the carotenoid protein in the blood also drops during yolk formation, but 
in this case the decrease is not nearly as great. The difference between the two 
proteins in this regard is consistent with the greater extent to which the oocyte 
accumulates the female protein. 

The timing of the decrease in female protein with relation to the growth of the 
four oocytes studied is summarized in Figure 7. While the first oocyte undergoes 
the final three-quarters of its growth (left hand cross-hatched area in Figure 7) 
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Figure 7. Changes in concentration of the female protein (left-hand scale) super 
imposed on the growth curves of the first, tenth, twentieth and thirtieth oocytes (right-hand 
scale). Cross-hatched areas indicate the time during which the first and twentieth oocytes 
undergo the final three-fourths of their volume increase. 


the average female protein concentration approximates one half or more of its 
maximum level in the blood. The twentieth oocyte, on the other hand, undergoes 
the final three-quarters of its volume increase (right hand cross-hatched area) 
when the blood contains only one-fifth of its maximum concentration of female 
protein. It thus appears that the first oocytes are produced in an environment in 
which the concentration of female protein is greater than that of the later oocytes, 
and we are left with the possibility that this accounts for the reduced vigor with 








which the later oocytes produce yolk. 








5. The effects of a protein's concentration in the blood on its rate of accumulation 





by the oocyte 


The most likely mechanism by which a reduction in blood protein concentration 
could retard the process of yolk formation would be through a decrease in the rate 
of protein accumulation by the oocyte. We therefore sought to determine whether 
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the rates of female and carotenoid protein accumulation are affected by the decrease 
which normally occurs in the concentrations of these proteins in the blood. The 
information required here, in addition to the growth rates of the successive oocytes, 
was the amount of each protein accumulated per mg. of oocyte. 

Successive pairs of chorionated oocytes dissected from fully matured ovarioles 
were weighed and then extracted with 0.2 ml. of 0.15 M NaCl buffered at 
neutrality. Either the oocytes or the extracts were frozen and thawed once, a 
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Figure 8. Relative concentrations of the carotenoid and female proteins in successive 
pairs of oocytes dissected from mature moths. The points represent the mean values for 
five different animals. The bars indicate 95% confidence intervals. The relative concentra- 
tion of the protein in an extract of standard volume was divided by the fresh weight in 
milligrams of the oocytes before extraction. Reference lines are arbitrarily placed at 0.6. 


procedure which has been found to lyse the yolk spheres and thus to release their 
stored proteins. The concentrations of female and carotenoid proteins in the 
extracts were determined with antiserum-agar tests. 

From the results summarized in Figure 8, it is apparent that the amount of 
female protein extracted per mg. of mature oocyte tended to remain constant along 
the length of the ovariole. While there may have been some decline, this was of 
questionable significance and it did not approximate the 80% decrease in the 
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concentration of female protein which occurs in the blood. A similar relationshiy 
was found for the carotenoid protein. Despite the approximate 20% decrease i: 
the level of carotenoid protein in the blood, the concentration of this protein in 
the oocyte tended to remain constant, and perhaps even rose slightly, along th 
length of the ovariole (Fig. 8). 

When considered independently, these results suggest that the rates of a 
cumulation of the two proteins are not affected by the decrease in their con 
centrations in the blood. However, a comparison of growth rates indicates that 
the time available for protein accumulation is longer in the later oocytes than in the 
first oocyte. For instance, the twentieth oocyte required 12 days to increase in 
volume from 0.01 mm.*, the volume of the smallest oocytes observed to contain yolk, 
to 3.35 mm.*, its volume at maturity. Due to its higher growth rate the first 
oocyte requires only 9 days for the same increase in volume. Thus, while the 
concentration attained by the proteins may be the same in the two oocytes, the 
time required to achieve this concentration is 33% longer in the twentieth oocyte 

It therefore seems likely that naturally occurring reductions in the concentra 
tions of the carotenoid and female proteins in the blood result in their being ac 
cumulated by the oocyte at slower rates. This, in turn, could account for the 
slower growth rate and smaller size of the oocytes which produce yolk at the end 
of metamorphosis. However, alternative explanations are possible; for instance, 
the results summarized in Figure 8 would also be expected if the rate of protein 
accumulation were governed primarily by the rate at which space is provided for 
the protein in the oocyte. In such a case, the rate of protein accumulation would 
be determined by the growth rate of the oocyte, which is the inverse of the relation 
ship proposed above. It therefore proved desirable to seek an independent test 
of the extent to which deficiencies of a blood protein can impair the growth of 
the oocyte. 


6. Vocytes produced by ovaries transplanted to males 


Experimental evidence that the level of female protein in the blood may affect 
the growth of the oocyte was derived from ovarian transplantation experiments. 
Kopeé (1911) observed in a number of Lepidoptera that the oocytes produced by 
ovaries which had been transplanted to males are considerably smaller than those 
produced by ovaries in females. A similar effect has been observed in Cecropia 
(Telfer, 1954) and is demonstrated here for the Polyphemus moth. The follow 
ing experiments indicate that this effect is due to the male’s deficiency in a factor 
which is present in the blood of female pupae. 

Single ovaries dissected from diapausing female pupae of the Polyphemus 
moth were transplanted to the haemocoeles of diapausing male pupae. Half of 
the male pupae were then injected with the blood of male pupae and the other half 
with the blood of female pupae. The volume of the blood injected was such that 
the recipient's blood contained a 15 to 4» dilution of the injected blood. Fifteen 
of the males survived the surgical procedures and completed their development into 
moths. In 13 of these the implanted ovary, which was dissected from the moth, 
contained oocytes that had completed their development, as was indicated by the 
presence of a chorion. 

The presence of blood from female pupae enhanced the size attained by the 


oocytes developing in males. In the males transfused with male blood the average 
































OOCYTE GROWTH 363 


weight of the mature oocyte was 2.5 mg., the values ranging from 1.9 to 2.8 mg. 
In those transfused with female blood, the average weight was 3.6 mg. with a range 
of 2.2 to 4.8 mg. The variance in the latter case was significantly greater 
(p = 0.04) than that for the male-transfused animals—a fact which suggests that 
there were inconsistencies in the effective level of female blood received by the 
host. In any case, 6 of the 8 males transfused with female blood produced oocytes 
which weighed 3.8 mg. or greater and which were thus within the size range of 
wocytes produced by normal ovaries in Polyphemus females. 

Blood taken from female pupae—a stage, incidentally, during which yolk 
formation does not occur—thus contains something which is lacking in the male 
and which enhances the formation of yolk. That the female protein is the 
responsible agent is suggested by the fact that it is approximately one thousand 
times more concentrated in the blood of female pupae than of males (Telfer, 1954), 
and that it is accumulated by the growing oocytes in substantial quantities. 


Disc USSION 
1. Comparison with yolk formation in other animals 


The growth rate of an oocyte might be expected to serve as a valid index to 
the rate of yolk formation only in oocytes whose cytoplasm becomes nearly close- 
packed with yolk bodies—as in the case of moths and birds. Even in moderately 
yolky oocytes, however, yolk formation, which is limited to the final stages in the 
total differentiation of the oocyte (Wilson, 1925), may be the primary cause of the 
volume increase occurring at the time. 

Despite the hazards in this interpretation, comparisons of the Cecropia oocyte 
with several other oocytes whose growth has been described indicate clearly that 
the rate of yolk formation varies widely from species to species. Although, to 
our knowledge, the growth of the amphibian oocyte has not been the subject of an 
analysis in which the parameter of time was measured, one can presume that its 
growth during yolk formation is relatively slow from the fact that it spends several 
months in the process (cf., Grant, 1953). By contrast the process is rapid in the 
chicken and in the fruitfly. In chickens the absolute growth rate of the oocyte 
during yolk formation reaches an astonishing 5 grams per day, while the maximum 
percentage increment in volume has been measured at 284% per day (Romanoff 
and Romanoff, 1949). The relatively minute oocyte of Drosophila melanogaster 
completes yolk formation in an estimated 4.7 hours and during this time its 
volume doubles approximately once every 0.7 hours (King, 1957). The Cecropia 
oocyte with its daily increment in volume of 50-100% per day appears to be 
intermediate between these extremes. 

Variations such as these are presumably adaptations to various factors in the 
over-all economy of the organism. Whatever their explanation, it is apparent that 
yolk formation can be a rapid process, resulting in both absolute and relative growth 
rates which may be among the fastest for metazoan cells. 


2. Conclusions concerning the mechanism of yolk formation in insects 

Data concerning the growth of the oocyte in Drosophila melanogaster (King, 
1957) are sufficiently extensive to allow a detailed comparison with that of Cecropia. 
The growth curves of these two oocytes during their period of yolk formation have 
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two characteristics in common, one of which is the abruptness with which growth 
terminates. There is no period of senility detectable in the yolk-producing mecha 
nism of insects. The correlation between the termination of growth and the fir 

appearance of the chorion in Cecropia suggests that the two events may ly 
causally related to each other. 

A second similarity is the apparent exponential character of oocyte growth 
during yolk formation. A constant relative growth rate, which is implied by this 
result, is frequently found in biological systems and can in many cases be interpreted 
as indicating that the products of growth in turn reproduce. Such an interpreta 
tion is not plausible in the case of yolk formation; it would require that yolk b¢ 
produced throughout the substance of the existing yolk mass, whereas evidenc« 
from a number of organisms with relatively yolky oocytes indicates that new ma 
terials are deposited primarily at the periphery of the cell. 

Lipophilic dyes injected into the chicken (literature reviewed by Romanoff and 
Romanoff, 1949) and radioactive amino acids injected into frogs (Kemp, 1955) 
both localized at the periphery of the oocyte rather than throughout its substance. 
Evidence that the yolk spheres of the insect oocyte grow primarily at the periphery 
of the cytoplasm is suggested by the cytochemical localization of a number of 
constituents of the yolk (Bonhag, 1955, 1956; Telfer, 1958). These observations 
make it likely that the exponential increase in the yolk mass of the insect oocyte 
results, not from self-reproduction of the mature yolk bodies but from an ex 
ponential increase in a peripherally-located mechanism for the formation of yolk. 
Whether this mechanism is, simultaneously, a self-reproducing mechanism re 
mains, however, a matter of conjecture. 

If equation (1) is in fact an accurate description of the growth of the insect 
oocyte, an additional characteristic pertinent to investigations of the mechanism 
of yolk formation can be proposed. The volume of the Cecropia oocyte is ap- 
proximately 400 times greater at the conclusion of yolk formation than at its 
inception. If follows that the absolute rate of yolk formation also increases by a 
factor of 400. If one assumes that the oocyte has an approximately constant shape 
during yolk formation, its surface area increases by a factor of 400**, or only 50. 
Thus a unit of surface area, or perhaps of the cytoplasm underlying the surface, 
must produce yolk 8 times faster just before the conclusion of yolk formation than 
just after its inception, Either the density or the rate of activity of the yolk- 
producing elements at the surface of the oocyte must also increase by a factor of 
8, a fact which could prove useful in the cytological identification of the yolk- 
producing mechanism. Finally, a similar increase must occur in the rate of 
penetration per unit of oocyte surface area by blood proteins and by all other raw 
materials required in the formation of yolk. 


3. The role of blood protein accumulation in yolk formation 


As will be demonstrated more fully in a later paper, the blood proteins ac- 
cumulated by the Cecropia oocyte are confined to the protein yolk spheres which 
comprise the bulk of the mass of the oocyte. The process of yolk formation in 
this insect thus entails the transfer of proteins across the cell surface and their 
incorporation into a cytoplasmic particle. It is understandable, therefore, that the 
growth of the yolk mass might be sensitive to the availability of blood protein. 
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Of two normally occurring blood proteins and five artificially introduced proteins 
thus far studied (Telfer, 1960), the female protein is the most avidly accumulated, 
attaining a concentration ratio (oocyte: blood) of 20:1. The evidence presented 
here suggests that deficiencies in this protein can impair the growth of the oocyte. 
Oocytes reaching maturity in the low female protein environment which prevails 
at the termination of metamorphosis grow at a slower rate and are smaller at 
maturity than oocytes which grow during an earlier and more bountiful period. 
In addition, oocytes developing in males which normally contain only traces of 
female protein in their blood attain a 40-50% larger size if the host has been 
injected with the blood of female pupae. There is thus a correlation between the 
availability of female protein in the blood and the size attained by the oocyte. 
Whether the correlation results from the influence of the female protein alone on 
yolk formation is a question whose answer must await the isolation of this protein 
in experimentally useful amounts. It is probable however that we are dealing 
here with the effects of a blood protein on the growth of the oocyte and the 
formation of yolk. 


SUMMARY 


1. The earliest oocyte to differentiate in an ovariole of the Cecropia moth grows 
during the final week of its development with a daily increment in volume which 
was calculated to be 91% per day. Growth during this period is due primarily 
to the accretion of yolk spheres. It terminates abruptly when the chorion appears 
at the surface of the oocyte. 

2. Successive oocytes in an ovariole lag behind each other in their development 
by an average of approximately 5 hours; the first oocyte terminates growth more 
than 6 days earlier than the thirtieth oocyte. As a consequence, the first oocyte 
produces yolk at a time when at least two prospective yolk proteins are present in 
the blood at higher levels than those prevailing during the growth of the later oocyte. 

3. Correlated with a decline in the level of the two blood proteins are reductions 
in the growth rates of successive oocytes in the ovariole and in the final size which 
they attain. Experimental results suggest that depletion of the female protein in 
the blood may be one of the primary causes of the reduced vigor with which the 
later oocytes grow. 

4. The final concentrations of the two proteins were the same in successive 
oocytes in the ovariole. Thus, while the normally occurring depletion in the 
blood’s supply of prospective yolk proteins may lead to a reduction in the rate 
and amount of yolk formation in an oocyte, it does not affect grossly the quality 
of the yolk produced. 

5. From a consideration of the oocyte growth curve and of cytological observa- 
tions reported for other yolk oocytes, it is proposed that yolk is formed in the 
Cecropia oocyte by an exponentially increasing mechanism which is probably 
located at the periphery of the cell. 
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